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Preface

One of the most beautiful astronomical spectacles is the filamentary structure that i, apparent
on the solar disk in Ha. Both amateurs and professionals can appreciate the unusual form of the
fine fibril ropes which connect magnetic features on the solar surface. The form is indicative of
magnetic fields. While one of the most important elements in solar dynamics. electromagnetic
fields are still one of the most elusive, as their observational manifestations are subtle.

Though electromagnetic fields are mostly invisible, the interactions of fields with !nat tr pro-
duce certain subtle observable manifestations. The magnetic fine structure in Ifo indicates the
added magnetic pressure in the gas, but this effect alone is unable to define uniquey the mag-
netic field parameters. Most agree that the basic physical processes of spectral line formation
hold the best possibilities for making a precise determination of the electromagnetic fie'd param.
eters. Section 4 of this volume contains contributions devoted to the general problem of physical
interpretation.

Due to the inherent anisotropy of the electromagnetic processes, its optical manifestations
contain polarization information in addition to spectral information. Precise polarimetry has been
difficult in astronomical observations because the polarization transformation properties of instru-
ments can be quite large and difficult to calibrate out in general. Instruments can be specifically
designed to provide good polarization characteristics or measured so they give a known effect.
With the advent of improved instrumentation and detector technology, a number of efforts are
underway around the world to try to provide a precise polarization measurement. Section 1 of this
volume has contributions on the technical problem: facilities (Section 1.1) and techniques (Section
1.2).

Presently there exit a number of intriguing measurements of fine structure and field mor-
phology, observations of flare processes, and coronal investigations. The cover shows figures from
Canfield et al. "Currents and Flares in a Highly Nonpotential Active Region" (page 296). The up-
per figure shows the derived longitudinal field strength (contours) and the transverse field strength
and direction (vectors) superposed on a map of intensity showing the sunspots ini the rgion. The
data were obtained in 6302.5A with the Haleakala Stokes Polarimeter. The lower figure, shows
the derived vertical current density (grey scale) with the vertical magnetic field (contours). The
superposed temporal image difference in the Ha blue wing indicates the bright flare kernel on the
magnetic neutral line nearer the larger spot in the lower image. Detailed observations of flare fields
and currents is only one of the possibiLities of precise polarimetric observations. Section 2 discusses
observations, solar fine structure (Section 2.1), flares (Section 2.2), coronal measurements (Section
2.3), and solar/stellar polarimetry (Section 2.4).

Some of the difficulties with spectrally resolved magnetic field measurements can be avoided
by making observations in infrared spectral lines. With the increased relative magnetic splitting
in the infrared measurements, the true field strength and some information on the distribution
of strengths within an observing element can be ascertained. The problems of instrumental po-
larization and atmospheric seeing -are also reduced in the infrared, but only now with the advent
of improved detection hardware are infrared observations becoming routine. Section 3 contains
several contributions on the state of the art in infrared solar instrumentation and observations.
The infrared holds the promise for some of the most elusive problems in solar polarimetry.

Existing observations are usually limited by their instrumental polarimetric precision and the
accuracy of the physical interpretation. Though the basic theory of line formation in an electromag-
netic field is classical, practical bridges are needed to provide useful observational tools. Spectral,
spatial, and temporal resolution limit what is possible so observations must be designed with
practical theoretical considerations to provide the most physical information. Section -l presents



contributions on physical interpretation methodology, practical considerations iSec!ion 4. ,. gln.

eral theoretical considerations (Section 4.2), and flux-tube models (Section -1.3).
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PRELIMINARY RESULTS FROM THE HAO/NSO
ADVANCED STOKES POLARIMETER PROTOTYPE OBSERVING RUN

B. W. LITES. D. ELMORE, G. MURPHY, A. SKUMANICH, S. TOMCZYK

High Altitude Observatory
National Center for Atmospheric Rese, ch*

P.O. Box 3000
Boulder, Colorado U.S.A

R. B. DUNN
National Solar Observatoryt

Sunspot, New Mexico

ABSTRACT
A prototype version of the Advanced Stokes Polarimeter was operated at the Sunspot Vacuum Tower

Telescope of the National Solar Observatory in May and June, 1990. Although the prototype instrument
does not have the capability of the final instrument to be deployed in 1991, it nonetheless provided high
spatial resolution Stokes profile observations of a small, symmetric sunspot. Analysis of these observations
shows that the magnetic field at the outer edge of the penumbra of this sunspot is highly inclined with
respect to the local normal (-y = 70 - 800), in agreement with previous Stokes 11 measurements of larger
sunspots. In addition, the axial field and flux distribution was found to be nearly identical to that of the
previous Stokes II measurement.

I. INTRODUCTION

The scientific objectives of the Advanced Stokes Polarimeter (ASP) have been described
elsewhere (Lites 1986; Lites and Skumanich 1989) so they will not be discussed extensively here,
The broad objectives of this program are to expand our knowledge of NIHD processes in and
above active regions through high resolution, quantitative (within a few percent) measures of
the vector magnetic field and, where possible, the thermodynamic properties of the magnetized
plasma. Ranking high among the specific goals of the program are efforts to understand the
structure of sunspots, and the observations reported herein present us with a partial but much
higher-resolution picture of the variation of the magnetic field with distance from the center of a
small sunspot.

The target science of the ASP and the constraints that the analysis of spectro-polarimetric
measurements observed through the earth's atmosphere impose upon the observations have led
to the following characteristics of ASP data (Lites and Skumanich 1989):
9 Resolved, simultaneous wavelength coverage of Stokes profiles
e Strictly simultaneous measurements in two members of a multiplet
e Simultaneous measurement of B in the photosphere and chromosphere

e Angular resolution of 1" or better
e Ability to scan an active region oi about 100 x 100 arcsec2 in 10 minutes
e Polarization accuracy of about 10-3 relative to the continuum

*The National Center for Atmospheric Research is sponsored by the National Science Foundation.

tOperated by the Association for Research in Astronomy, Inc., under contract with the National
Science Foundation.
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Given these constraints, the ASP design evolved to a scanned spectrographic system, but
with the capability to zsimultaneously carry out narrow-band filter polarimetry as well. The design
considerations are discussed in considerable detail in the ASP Design Review document (Fisher
1989).

In this paper we describe the specific goals of the ASP prototype polarimeter observing run
and how the prototype instrument differs from the final instrument (Section II), the calibration
and reduction of the data from these observations (Section III), and the analysis of the first high
resolution Stokes profiles of a small sunspot (Section IV). In Section V we summarize the results
of the prototype observing run and we indicate the major hurdles that must be overcome before
the ASP is fully operational.

II. THE ASP PROTOTYPE INSTRUMENT

The ASP is a very complex instrument being developed jointly by two institutions. The
System Block diagram given in Lites and Skumanich (1989) indicates the institution responsible
for development of the various components of the system. In general, HAO is developing the
polarimeter and data acquisition system, and NSO is providing the telescope and integrating the
polarimeter into their Adaptive Optics complex. The participants felt strongly that a preliminary
test of the entire system would be essential to a timely implementation of the full instrument in
1991. The objectives of the prototype observing run carried out in May-June 1990 were to:
"* Verify the end-to-end design of the system

"* Evaluate the actual performance of the calibration procedure

"• Constrain the specifications of the final optical elements
"• Evaluate the effects of fringing in the optical elements

"* Produce sample data for software development, and
"* Obtain scientifically useful observations

The prototype instrument differs from that described in the Design Review in a number of
significant aspects. In the following, we describe these differences and how they compromise the
data from the prototype instrument.

a) Single Camera, Single-Beam Polarimeter

Even though the ASP camera system operates at twice video rates (60hz), seeing-induced
image motion can introduce unacceptably high levels of crosstalk among the Stokes parameters
in a single-beam demodulation scheme (Lites 1987). The final ASP will employ a dual-beam
demodulation scheme, which is designed to reduce the seeing-induced crosstalk by about a factor
of four. Simultaneous detection of both states of modulated linear polarization will increase the
signal/noise ratio (S/N) of the measurement as well. The disadvantage of the dual-beam scheme
will be the necessity to catrefully align the images from the two detectors before subtraction, and
the final shifts will be taken out in post- observation processing.

The observations with the prototype instrument demonstrate that image motion does cause
significant I -- Q, U, V crosstalk as evidenced by polarization "streaks" in wavelength within the
spectral-spatial images of Q, U, V (see Figure 1) when the solar image is not stabilized with an
active mirror. When the image is stabilized during periods of good seeing, the "streaks" are largely
suppressed and the residual contributon due to polarization errors is larger than the streaking.
Compensation for these and other errors are described in Section III below.
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b) Preliminary Optici

The mock-up of the ASP optical system used in the prototype polarimeter contained any
optical elements which differ from those that will be used in the final instrument (see Fisher
1989, Figure 3-2A). The bandpass limiting filter, located just after the exit port of the Tower
Telescope, was neither wedged nor made from a low-expansion substratc. Early in the observing
run it was discovered that this element produced interference fringes in the spectra, so the filter
was not used for the remainder of the run. The lack of a bandpass limiting filter caused a larger
heat load on subsequent elements, in particular the calibration linear polarizer and retarder, and
the rotating waveplate modulator of the polarimeter.

The calibration linear polarizer and retarder were PVA polarizers sandwiched betwcen BK7
glass substrates. Each was broadband antireflection coated. The calibration linear polrizer
demonstrated a small amount of stray retardance, which was shown to be dependent both upon
temperature and position within the field of view. This element will be replaced in the final
instrument with a polarizer sandwiched between fused silica substrates chosen for good unifor-
mity of both the stray retardance and transmission. The calibration retarder and the waveplate
modulator were both deemed suitable for the final instrument. However, the calibration retarder
was positioned too close to the prime focus of the telescope and, as a result, dust on the retarder
produced a 1-2% modulation of the intensity when the element was rotated into the beam. This
element will be placed farther from the focus in the final instrument.

The mirror used in the image motion compensation system (hereafter IMC), degrades the
image somewhat. This problem will be corrected in the final instrument. The relay lenses for the
NSO/Sunspot adaptive optics system and the collimator lens for the spectrograph are those that
will be in the final instrument, but they were uncoated for this run. A single polarizing beam-
splitter was used in the prototype instrument, whereas the final instrument will use a compound
polarizing beamsplitter and a mirror. The spectrograph grating and the camera lens from the
prototype will probably be used in the final instrument. We expect some gain in system efficiency
in the final instrument after coating the optics and improving the reflecting surfaces.

c) The CCD Camera8

A major portion of the instrumentation effort for ASP centers on the CCD cameras. The
cameras must not only produce 12-bit digital signals with a 60 Hz readout rate, but photon
statistics must dominate read noise and the readout must be carried out in precise synchronism
with the phase of the rotating modulator, which in turn is locked to the phase of the line voltage in
order to stabilize any electromagnetic interference in the video signals. Two versions of the CCD
camera were used during the prototype run: the evaluation camera and the prototype camera

WA'. Both versions are based upon Texas Instruments TC243 research grade CCD chips: frame
store devices with three (RGB) color channels.

In the laboratory the evaluation camera assured us that the objectives for the ASP detector
could be met. A read noise of about 80 e- was achieved with this camera operating at room
temperature and at a 60 Hz readout rate. Readout of the chip at this rate at a depth of 12 bits
requires that special electronics be fabricated to perform the A/D conversion separately for each
of the three color channels, that the signals be recombined, and that the images 1e reduced in
size before they may be processed. At the time of the observing run the "receiver board" that
performs these functions was not finished, so that only the standard Datacube hardware was
available to accept the digital signals from the camera. This arrangement required that only one



of the three color channels be processed: hence the sampling of 3.9 pmi per pixel In •.e s.,pectral
dimension is only 1/3 that of the final instrument.

Camera 'A' is the first version of the CCD camera to be placed on a single printed circuit
board. This board includes the electronics for digitizing and processing all three color channels.
This camera became available only during the observing run, and it was used to obtain the
observations presented here, Camera -A' showed some nonstationary electronic noise which will
be described below, but this was found to be smaller in the polarization images than was the case
for the nonstationary noise of the evaluation camera. Like the evaluation camera. camera 'A' was
op-rated in only one of its three color channels.

d) Scanning and Image Motion Cornpensaton

The data presented here was obtained with active IMC, but the use of IMC prechlued Scan-
ning of the Sun normal to the slit. In the final instrument, scanning of the image will be accom-
plished at the spectrograph, so this limitation will be avoided.

III. CALIBRATION

The calibration of the ASP polarimeter in conjunction with the NSO Vacuum Tower Tele-
scope is a non-trivial task and, as will be shown below, our ability to compensate for the polarizing
effects of the full instrument system falls somewhat short of our desired level of precision in po-
larization. The main challenge regarding the polarization calibration arises from the fact that we
cannot yet introduce light of a variety of known states of polarization into the optical system,
with the exception of introducing nearly unpolarized light in the continuum of the solar spectrum.

We can extract much of the needed information regarding the response of the polarimeter
itself using measurements with our polarization calibration optics sampled at many of the possible
combinations of orientations. This procedure appears to give us a good representation of both
the polarimeter response and the imperfections in the calibration optics (refer Tozicz'k. Stoltz.
and Seagraves 1991; Murphy and Skumanich 1991).

The present observations represent the first attempt at calibration of the entire ASP system.
Much of the observing time was devoted to the acquisition of calibration data. We measured the
out-of-focus quiet Sun image with combinations of orientations of the calibration polarizers, as
described above, through several hours as the pointing of the Tower Telescope changed. From
these measurements we identified several shortcomings of the calibration optics (described in II.b.
above) which will be corrected in the final instrument. We also carried out these calibrations
during one half-day with repeated rotations of a large polarizer mounted in front of the entrance
window. These data were used to evaluate the Muller matrix of the Tower telescope using the
analysis summarized by Elmore (1988).

Calibration of the data described below proceeded in several steps, as outlined in the follow-
ing:

a) The Fixed-Pattern Gain Correction (Flat-Fielding)

Certain features of the CCD image are stationary, reproducible, and independent of wave-
length. By removing the entrance slit of the spectrograph, the spectral lines and any spectral
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fringes are smeared out, so that one may obtain a first-order 'flat-field" for correctl(n ,f 4the
pixel-by-pixel response of the CCD. The left panel of images in Figure 1 shows the Stokes sp' .ct ra
after flat-fielding, i.e., after correction for the fixed-pattern gain variations. Note the asymmetry
present in the Q and U profiles of the Fe I lines. This asymmetry arises from the polarizing off'ects
of the Lelescope and polarimeter optics.

b) First-Order Polarization Calibration

Elmore (1990) describes the iterative method used here to derive a calibration matrix for
the polarimeter. The method assumes ideal polarization calibration optics. and it yields values
for the "response matrix" of the polarimeter, the retardance and transmission of the cal. •ation
retarder, the transmission of the calibration linear polarizer, the calibration Stokes vector exiting
the telescope, and the "bias" offsets (i.e., the dark levels). When this procedure is applied to
the entire spectral-spatial field shown in Figure 1 we note that the variation of the parameters
resulting from this calibration is smooth and small across the field, except in the vicinity of
spectral lines. The effects at the spectral lines appear to result from a wavelength instability in
the spectrograph. Although this instability is not rapid enough to be problematic in the single-
beam prototype polarimeter, rapid differential distortions in the dual-beam device of the final
instrument might be of concern. The final spectrograph will be enlosed to minimize differential
seeing effects between the two beams. We have adopted a single value for the response matrix
derived from its average over a continuum window neax the middle of the image: to the blue of
the strong Fe I lines at 630.1 and 630.2 nm.

Ks lokswpit' i
Fig. 1. Stokes split spectra of a small sunspot are shown as gray-scale images. Each of the two panels contains

the four Stokes parameters, respectively, clockwise from the upper left, I, Q, V,•U. A spectral region of about 0.76
nm containing the strong Fe I lines at 630.15 and 630.25 nm, slightly to the left of center, is shown. Wavelength
increases to the left, and the sampling interval is 3.9 pm/pixel. The spatial extent shown along the slit is 75", with a
pixel sampling of 0.4". The leftmost panel shows the instrumental Stokes images corrected only for the fixed-pattern
gain. Note the asymmetry in the Q and U profiles. The panel on the right shows the physical Stokes images after
calibration. Note the reversal in the polarity of the line-of-sight field at the bottom of the Stokes V image. As
displayed here, the bottom of the slit corresponds to the top of the images in Figure 2; that is, North is at the
bottom here.



c) Removal of Spectral Skew

Even though the *tral lines were carefully aligned with respect to the pixel columnis of
the CCD, the dispersio.. is not precisely aligned with the pixel rows. This indicates a slight
misalignment of the spectrograph slit with respect to the rulings of the grating. This problem
resulted in a skew of the spectrum, which was removed by linear interpolation. In the interpolated
image the pixel rows accurately contain the sunspot spectra.

d) Correction for Residual I -, Q, U, V Crosstalk

After calibration we note a small residual polarization is present at continuum wavelengths
in the Q, U, V images, and that this polarization varies along the slit (see Figure 1. left image).
For each pixel row we derive a value for the residual crosstalk I --- Q, U, V from the continu~un
wavelength just to the red of the Fe 1 630.2 nm line, and we use it to correct the entire pixel row
using the observed intensity at each spectral location. The resulting corrected Stokes images are
shown in the rightmost image of Figure 1. When compared with the uncalibrated images on the
left, the Q and U profiles for the strong Fe I lines are now quite symmetric, and the V profiles are
antisymmetric, as expected. Note that the physical V is reversed in sign from the instrumental
V.

e) Compensation for Residual V -- U Crosstalk

At locations within the sunspot spectrum where V is large and U is small we note a significant
asymmetry in the U Stokes profile. This occurs just above the dark umbral streak in Figure 1.
The source of this error is not known at the present time, but the crosstalk from circular to
linear polarization for the combined telescope-polarimeter system is difficult to measure without
introducing a measurable and known amount of circular polarization into the system. We apply
an ad hoc antisymmetric correction matrix in which the (3,4) and (4,3) matrix elements have
an absolute value of 0.1. This correction, when applied to the Stokes images, has the effect of
making the Stokes U profiles much more symmetric while not changing substantially the Stokes
V profiles.

IV. ANALYSIS OF SUNSPOT MAGNETIC FIELD STRUCTURE

a) Analysis of the Data

The data analyzed here (Figure 1) is a single Stokes frame from a series of 100 observations
made of a small sunspot shown in the slit-jaw images of Figure 2. These slit-jaw images were
digitized from an analog videotape recording made during the observations. At several slices
across the sunspot, 100-frame sequences of images were recorded with active IMC. We analyzed
only those individual frames within each of these sequences having the highest rms fluctuation of
the intensity in a continuum window along the slit. Thus, the frames shown here are those with
the best seeing during each sequence.

We use the nonlinear least-squares inversion code described in several previous papers (Sku-
manich and Lites 1987; Lites et al. 1988; Lites and Skumanich 1990) to extract values of the
magnetic field strength and orientation, and the Doppler shift of the lines. The inversion was
performed on both the Fe I 630.15 and 630.25 nm lines simultaneously. The method for the
multi-line inversion has been described by Lites et al. (1988), and it has been applied to inversion
of Stokes I spectra of sunspots (Lites et a4. 1990). The inversion incorporates a number of other
techniques: nearest neighbor initialization whereby the solution of the inversion for the adjacent
spectrum is used as an initial guess for the iteration, compensation for the spectral resolution of
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the observations (the instrument function is assumed to be of Gaussian ,-lhapq, Witt '!,w !1.r1
FWHM of 3.5 pm), and correction for a "scattered light- component.

The scattered light correction (Skumanich and Lites 1987) admits tile possilhiity that the
Stokes Iprofiles are contaminated with light from the surrounding nonmagnetic iand Iiqyoari,,d
atmosphere. The mean scattered light profile fscatt(,\) is the average of about 10 spectra a'ww;
from the sunspot having net polarization averaged over the fitted portion of the line protiil,
less than 0.006 I,, where 1, is intensity in the continuum. The least-squlares procedure seeks an
optimum fraction a of Iicatt(A) added to the observed Stokes I profile, and it alo treats the
wavelength shift of Plca"t(A) as a least-squares parameter.

Fig. 2. Slit-jaw images are shown for the current observations. The sunspot was observed at a solar latitude of
250 N, 160 E at 16h20m UT on 1990 June 4 (heliocentric angle j- = cos--(9) - 0.87). The images shown were
digitized from the analog video record of the slit-jaw monitor camera. The quality of these images is degraded by a
strong video interference pattern that was present in this analog video signal at the time of observation. Granulation
is nonetheless visible in the images, and fixes the scale. The sunspot is roughly 18" in diameter. The field of view in
these images is smaller than that of the spectra in Figure 1. These images do not coincide precisely in time to the
selected frames analyzed, but the image quality is representative of the spectral measurements, although these images
represent a much shorter exposure than that of the Stokes spectra. The slit is parallel to the solar N-S direction,
with solar north at the top. The left and right images correspond to Image 1 and Image 2, respectively, in Figures
4 and 5.

b) Scattered Light/Image Degradation in the Polarimeter

Results of the inversion of the Stokes spectrum through the center of the sunspot are shown itn
Figure 3. Here the continuum intensity Ic at the center of the umbra (at the slit position of about
11.5") is about 26% of the average intensity outside of the sunspot. The corrected continuum
intensity inferred for the magnetized component of the profile IJg' = I40b - aI~ca", where 12 bA

is the observed continuum intensity and jcatt is the scattered light profile, only drops to 23%
within the umbra. This points to a concern regarding the angular resolution and scattered light
in the prototype instrument: the intensities of the sunspot umbra are apparently too large by
a factor of two or more. Adjabshirzadeh and Koutchmy (1983) measured umbral intensities of
about 10% in a slightly larger sunspot observed with the Vacuum Tower Telescope at Sac Peak.
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It is unlikely therefore that the large amount of scattering (or image degradatio nr .e n
the Tower Telescope itself. It must reside in the polarimeter. Inasmuch as the scattere1l ::.yr

correction deduced by the inversion does not remove most of the contamination of the uunbra,
intensity, it is possible that the image is degraded by the spectrograph. In. any case. the princip,-K
contamination of umbral spectra may arise from the polarized light of the srrounding penIinra.
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Fig. 3. Results of the inversion of a Stokes spectrum through the center of the sunspot (slit-jaw image on the
left in Figure 2) are shown. Only a limited spatial region around the sunspot was processed, and the absissa gives
the angular position in arcseconds. The top (north) and bottom (south) directions refer to the slit-jaw images of
Figure 2. Near the top of the graph the approximate regions of penumbra and umbra are indicated by P and U,
respectively. The long-dashed line indicates the variation of the continuum intensity 'c along the slit in arbitrary
units, with the horizontal line indicating the zero level of intensity. The inferred magnetic field strength I B I is
given as a solid line, the field inclination with respect to the line-of-sight -ytos is given as a short-dashed line, and
the small dots indicate the variation of the Doppler velocity V relative to the frame average. The large dots indicate
the corrected continuum intensity It"9 as inferred from the determination of the scattered light (see text.)

Another concern about the spectrograph arises from the observed depth of the line profiles.
The central intensities of our observed average quiet Sun Fe I profiles are considerably brighter
than expected. This also suggests the presence of either significant scattering in the spectrograph
or an infrared leak, although the amount of scattering in the spectrograph required to produce
the observed line center intensities cannot account for the high umbral intensities. The rather
smooth variation of the continuum intensity along the slit suggests that degradation of the image
may also play a role. These issues will be investigated thoroughly for the final instrument.
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c) The Inferred Variation of the Vector Magnetic Field

The inferred field strength IB I reaches a maximum of about 2700 G near the center of the
umbra (Figure 3). The line-of-sight inclination -11,, varies smoothly on the northward side of the
sunspot. A reversal in the polarity of the line-of-sight field is seen just outside of the north edge
of the spot. Both I B I and -y increase there, and we suspect that this is a signature of a "'moving
magnetic element." The location of minimum inclination of the field occurs about 3. S toward
disk center from the maximum in I B 1, or the minimum in intensity. This is to be expected for
a sunspot at nearly 300 from disk center. The Evershed motion is prominent in the penumbral
areas, and it reaches ±1.5 km/sec in the outer regions of the penumbra.

Observed profiles and their least-squares fits are shown in Figures 4 and 5 for the spatial
positions a and b indicated in Figures 3 and 6. From the Q and U profiles of Figure 4 we estimate
the random noise level to be of the order of ± 0 .0 0 5I(umbra). Systematic effects are still present
in the profiles, probably resulting from remaining errors in the calibration and a slowly varying
electronic pattern noise that is visible in the Stokes Q, U, V images at the level of 1 - 3 x I0-3I1.

The fits to the profiles are satisfactory, but it should be noted that no satisfactory simultaneous
fit to the Stokes I profiles of both lines could be obtained without invoking the scattered light
correction for the inversion. It should also be noted that the ad hoc recalibration for U ,-- V
crosstalk improves the symmetry of the observed
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Fig. 4. Individual observed Stokes profiles for a Fig. 5. Same as Figure 4, except the profiles rep-
spatial position near the center of the umbra are shown resent location 'b' in the penumbra of the sunspot.
(dots): see location 'a' in Figures 3 and 6. The large
dots represent wavelength positions used in the least-
squares fit. The solid curves are the theoretical profiles
fit to the observations. The lower Stokes I curve shows
the intensity of the theoretical profile for the magnetized
component of the fit only; i.e., it is the upper solid curve
minus the scattered light.
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U Stokes profiles. However, comparison of inversion of these data both with and without the
ad hoc recalibration shows that, for these specific sunspot observations, the suspected V ,-- U
crosstalk causes only insignificant errors in the inferred vector magnetic field. The random noise
in the observations is equally insignificant for determination of the vector field. We demonstrate
this through a comparison of the results of the inversion of two sequential frames of Stokes
observations.

It is fairly easy in the case of a sunspot to resolve the 180° ambiguity in the field azimuth
o. The wrong choice leads to physically unreasonable vector magnetic fields when the field is

transformed to the local solar frame where the X-Y plane is tangent to the solar surface at the
location of the sunspot. Results for the selected azimuths are shown in the local frame in Figures
6 and 7 for, respectively, the slit positions in the left and right images of Figure 2. The results
are quite reasonable from the standpoint of a symmetric sunspot:

I The azimuth 0 passes through zero at the location of minimum -y, which corresponds very
closely with the maximum in I B I and the minimum in I.

* The variation of 0 is much smoother for the slit position displaced from the center of the

sunspot (Figure 7).

* The minimum inclination of the field is substantially larger for the observation displaced from
the center of the sunspot.

* The maximum inferred field strength reaches 2400 G at the displaced location.

* The sunspot is unipolar in this reference frame: the value of 'y at the outer edges of the
penumbra is between 70* and 800.

* The magnetic element just to the north of the sunspot retains its inverse polarity in the local
frame, and is highly inclined to the local normal.
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Fig. 6. The results of the least-squares inversion Fig. 7. Results of the lea.st-squares inversion for
of the Stokes images obtained through the center of the the slit located to the right of the center of the sunspot
sunspot (Image 1, leftmost in Figure 2) are shown. Laý (Image 2, rightmost image in Figure 2.) See Figures 3
belling of curves is similar to that of Figure 3, except and 6 for explanation.
that the small-dotted curve now indicates the azimuth
angle of the field -, as measured in the local solar frame,
positive counterclockwise from the westward solar direc-
tion. See Figure 3 for other explanations.
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The field inclination shows a much more variable behavior on the disk center (southern) side
of the sunspot than on the northern side. At the present time it is unclear whether this is an
artifact of calibration errors or if the inclination changes are more abrupt as viewed from the disk
center side of the sunspot. From spectral observations of very high angular resolution. Bida et
al. (1990) found that a stronger correlation of Doppler shifts with intensity variations exists on
the limb side of a sunspot observed away from disk center. Thus, observable effects that depend
on the look-angle with respect to the direction of the magnetic field do appear to be present in
sunspots. This interesting effect should be investigated more thoroughly if the inclination changes
indeed turn out to be real, as they may offer substantial information on the structure of sunspot
penumbrae.

In Figure 8 we compare the vector field for a large symmetric sunspot derived from Stokes
II data with the results for the small sunspot observed here. It is quite remarkable that the two
well-developed sunspots of vastly different sizes have nearly identical values and variations of the
vertical field component B.. with radius. We note that the smaller sunspot has a horizontal field
component B,. which is systematically larger than that of the larger sunspot. Thus, the sunspot
observed here displays a nonpotential signature, and the observations suggest the presence of a
horizontal current system within the sunspot. In contrast, the larger Stokes II sunspots had most
of the current defining their magnetostatic structure confined to a current sheet at their outer
edges.
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Fig. 8. A comparison is given for the variation of the radial magnetic field structure of a large symmetric
sunspot observed with Stokes I1 on 1980 Sept. 15 (see Figure 11 of Lites and Skumanich 1990) to that of the sunspot
observations presented in this paper. The solid curves are the "buried dipole" fits to the 1980 Stokes 1I data. The
penumbral radii for the ASP and Stokes II sunspots are 6.7 and 19 Mm, respectively. The '+' symbols represent
the horizontal component B, and the '0' symbols represent the vertical component B, of the vector field inversion
shown in Figure 6.
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V. SUMMARY AND EXPECTATIONS

The primary goals of the ASP prototype observing run were met, and in most cases exceeded.
It was gratifying to have a successful installation of the prototype polarimeter at the Tower
Telescope and a successful run on the first attempt. It was even more gratifying to obtain the
first high-resolution full Stokes profiles of a small sunspot with a stabilized image under conditions
of good seeing.

In particular, we learned a great deal about the optical system and how it needs to be modified
for the final instrument. Similarly, we now recognize several problems with the polarization
calibration of the system which we expect to rectify in the final instrument. One way we hope to
improve the calibration is to introduce a rather well-known and large degree of circular polarization
into the telescope. This should help us to identify the source of the U +-+ V crosstalk seen in
the data. Other issues that must be resolved are the angular resolution of the entire system.
scattering in the spectrograph and polarization optics, and the possibility of contamination of
the observations by infrared light. Improvements must be achieved in the net scattered light
for the final instrument. The overriding technical issue at present is the completion of the ASP
cameras, including minimization of the slowly varying pattern noise. At present, none of these
problems would appear to delay deployment of the full ASP instrument in mid-1991. Ultimately,
the polarimeter will be capable of operation with the Lockheed/NSO Adaptive Optics System.

The radial variation of the vector magnetic field for the small sunspot observed with the
ASP prototype instrument indicates a current system similar to that of the much larger sunspots
observed with the Stokes II instrument. The strength of the magnetic field on the axis of the
sunspot is nearly identical to that of the larger sunspots. It does have a somewhat larger horizontal
field strength at all radii, suggesting a horizontal current system distributed throughout the body
of the sunspot, in contrast to the nearly potential nature of the field within the larger sunspots.
Such an effect might result from magnetic tension forces in the field lines as they retuirn to locations

nearby the small sunspot. Such forces could be relatively smaller for larger sunspots because of

the larger dimensions involved. It is precisely these kinds of conjectures that can be tested with

the spatial coverage of sunspots that will be achieved in the final ASP instrument.

The penumbrae of both large and small sunspots do not seem to have horizontal fields at

their outer edges. The fields approach a maximum inclination with respect to the local normal

of 70 - 800. They are therefore constrained by a substantial horizontal current sheet just outside

of the penumbra. It is also interesting to note the large inclination of the suspected "moving

magnetic element" observed just outside of the sunspot.
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Discussion

J. Stenflo: What about the 1800 ambiguity?

B. Lites: The 180* ambiguity of the field azimuth in the observer's frame is resolved in the case by choosing
between the two values of magnetic field orientation in the local solar frame. Generally, the choice is simple
because the "wrong" choice departs quite strongly from that which is physically reasonable for a sunspot.

J. Staude: Did you include a fitting to thermodynamic parameters in your inversion procedure? If so,
how strong is the variation of those parameters across the sunspot? How strong can uncertainties in the
determination of these parameters influence the derivation of the magnetic field components?

B. Lites: Fitting the thermodynamic parameters (line strength, Doppler width, damping, variation of
source function) is an integral part of the inversion procedure. The values are never as well-determined as
the magnetic field parameters, and there are frequently tradeoffs among them. I have not yet examined these
variations in detail, but typical values are reasonable. The fact that we have coarse wavelength sampling of
the profiles in this prototype instrument leads to larger uncertainty in the thermodynamic parameters. In the
sunspot, these uncertainties seem to have little effect on the field parameters, except where the instrumental
polarization crosstalk is large, or where the filling-factor is small.

S. Koutchmny: In the case of the regular universal spot you observed outside the center of disk, you showed
the variation of the azimuthal angle of the field with a large jump of almost ar near the center of the core.
Do you believe this represents the true behavior of the field inside the core of the spot?

B. Lites: Yes, it is entirely consistent with the sunspot geometry.
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ULTRAVIOLET POLARIMETRY WITH THE UVSP

William Henze

Teledyne Brown Engineering

Abstract

The Ultraviolet Spectrometer and Polarimeter (UVSP) on the Solar Maximum Mission satellite
has made what are probably the first polarimetric observations in the ultraviolet spectrum of
the sun and stars. In this paper, a brief review is first given of various such UVSP polarimetric
observations and analyses. The reduction and analysis of UVSP magnetograms of the transition
region above a sunspot obtained in March 1985 are then described. Maximum values of the
magnetic field of over 1200 gauss were obtained. Finally, comments and suggestions relevant to
possible future ultraviolet polarimetry are discussed.

1. Introduction to UVSP Polarimetry

The Ultraviolet Spectrometer and Polarimeter (UVSP) was one of several instruments
on the Solar Mazimum Mission (SMM) satellite which was launched on 14 February
1980 and reentered the earth's atmosphere on 2 December 1989. A new feature of the
UVSP was the inclusion of a polarimeter to allow the measurement of polarization in
the ultraviolet which might result, for example, from the Zeeman effect in lines formed
in the solar transition region. The UVSP was described by Woodgate et at. (1980); the
polarimeter alone was also described by Calvert et al. (1979). Calibration measurements
showing the detection of polarized emission were included in the paper by Woodgate et al.

The method used by the UVSP to measure polarization was the observation and
Fourier analysis of the detected signal as a function of the angle of a rotating waveplate.
The waveplate was followed in the light path by the grating, a fixed (nonrotating) partial
linear polarizer which served as the analyzer.

Most of the polarimetry attempted by the UVSP was performed during the periods
from February to November 1980 and from September 1984 to April 1985 when the UVSP
wavelength drive was operating properly so that desired spectral features could be selected
and observed. A brief review is given here of various UVSP ultraviolet polarimetric ob-
serving programs and analyses involving the sun and two stars. Some, but not all, of the
results have been published previously.

9 Initial detection of the magnetic field in the transition region above a sunspot (Tandberg-
Hanssen et al. 1981). The first published measurement of the line-of-sight component of
the magnetic field in the transition region above a sunspot was made on 24 April 1980.
The measured field was 1100 gauss averaged over a field 6 arc sec square (4 pixels, each
3 arc sec square); the spectral line used was the C IV 1548 A line.
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* Spatial distribution of the magnetic field in the transition region above a sunspot com-
pared with the surface (photospheric) field (Hagyard et al. 1981, Henze et al. 1982). The
line-of-sight component of the magnetic field in the transition region above a sunspot
was measured in October 1980 using the C IV 1548 A line over a field of 21 pixels, each
10 arc sec square. The maxir.um field was -1200 gauss. The transition region fields
were compared with observations made by the NASA Marshall Space Flight Center of the
surface (photospheric level) fields; vertical gradients were determined by Hagyard et al.
(1983).

* Impact linear polarization during a flare using the S 1 1437 A line (Henoux et al. 1983).
Linear polarization (maximum of 25 percent with signal-to-noise ratio of 2.9) was observed
in the S I 1437 A line during the decay phase of the soft X-ray emission and possibly at
the time of impulsive hard X-ray emission in a flare on 15 July 1980. The polarized
electric vector* was directed toward disk center. The observations were interpreted as
possibly due to the impact of energetic electrons propagating vertically downward onto
the chromosphere where the neutral sulfur atoms were excited.

* Stellar polarimetry in the continuum at 1559 A (not formally published but presented at
a scientific meeting [Henze and Woodgate 1987]). Two stars were observed by the UVSP
in August 1980. Although the primary purpose of the observations was a calibration of the
absolute sensitivity of the UVSP at several wavelengths based on IUE measurements of the
same stars, polarimetry was also performed at one wavelength (1559 A). No polarization
was detected; the upper limits at the 3-cr level were 3 percent for a Leo and 7 percent for
p Leo. These limits are too high to be of significant astrophysical interest.

& Linear polarization across the Mg 1 h and k line profiles (Henze and Stenflo 1987). The
linear polarization profile and its center-to-limb variation was measured across the Mg II h
and k lines near 2800 A in October 1984. Linear polarization with the electric vector
oriented parallel to the solar limb was detected in the line wings on the short wavelength
side of the h line and the long wavelength side of the k line with the maximum values toward
the solar limb, in agreement with theoretical predictions based on coherent scattering of
an anisotropic radiation field. The predicted negative polarization (electric vector oriented
perpendicular to the limb) between the two lines was not detected.

e Discussion of a supposed magnetic "transient" during a flare (Henze 1986). It had been
reported informally earlier by an investigator that data in the C Iv 1548 A line showed a
magnetic transient of 19 kilogauss during a flare on 13 July 1980. The conclusion by Henze
(1986), based on the lack of agreement of the expected signals in the two line wings and
on the duration of possible significant transients (too brief for the sequential nature of the
polarimetry method), was that there was no evidence of magnetic transients and that the
earlier report was erroneous.

e Stokes profiles of the C Iv 1548 A line. One profile was shown by Tandberg-Hanssen
et al. (1981); others are mostly not yet analyzed.

e Additional magnetometry in transition region above a sunspot (March 1985), presented
here in Section 2.

Based on the experience with the UVSP, some suggestions and comments relevant to
possible future ultraviolet polarimetry are offered in Section 3.
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2. Magnetometry in Transition Region above a Sunspot

2.1. Observations

The UVSP observations were made as part of a program coordinated by M. J. Hagyard.
an SMM guest investigator. The goal was to determine the vertical distribution of the

magnetic field in a sunspot. The target was a large sunspot in NOAA active region 2637
which was observed on several days in late March 1985.

The UVSP observing sequence began with rasters to find the positi-,n of minimum
intensity in the sunspot and show its location in the active region to allow coalignment with

ground-based observations. These rasters, shown in Figure 1 for 29 March. were made near
3100 A so that the rasters look similar to white-light images in the visible; the pixel size
and spacing was 3 arc sec square. Before the following SMM orbit, the slit was changed to
one with a 10 arc see square entrance aperture to allow observation of the C IV 1548 A line

with a higher count rate than would be obtained with a smaller entrance slit. The exit slit
was wide, effectively including the entire line; the line was split into two halves (designated

blue and red for the short- and long-wavelength sides, respectively) with each half sent to
a separate detector. The sensitivity ratio of the red to blue detectors was 1.647.
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Fig. 1. Contour plots of UVSP spectroheliograms near 3100 A showing location of UVSP mag-
netograms on 29 March 1985. Heliographic north is up. Left: experiment 29,•59 over full UJVSP
field of view. Right: experiment 29560 which found the position of min&imum intensity in the
right half of the field of view. The pixel size and spacing of both rasters was 3 arc sec. The
magnetograms (experiments 29563 and 29566) were 3 x 3 rasters with a pixel size of 10 arc sec
and were centered at the same minimum intensity position. The magnetogram pixel positions are
shown superimposed on the two contour plots.
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A short spectral scan was made to find the spectral line; then repeated magnetogranis
were performed with every second repetition done at a shifted wavelength drive position to

aid in the calibration of the line width. Each individual repet, vion consistf.d of four rasters.
one at each of the equally spaced angular positions of the rotating wa-eplate. Each rpster

contained nine pixels in a 3 x 3 pattern as shown in Figure 1.

A complete magnetogram experiment contained 168 repetitions and took 21 minutes.

The time occupied by the motions of the raster mechanisms, the waveplate, and the wave-

length drive, during which no counts were being recorded, meant that less than one third of
the total time was actually used for observing (168 x 4 x 9 x63 ms gate time = 6.33 minutes).

(Another magnetogram experiment was performed in the same orbit at the position
of minimum intensity in the left side of the field of view. Because there was no sinspot at

that position, the resulting magnetic fields were small and not significant. Therefore. those

results are not presented here and the magnetogram positions are not shown in Figure 1.

2.2. Method of Analysis

The method of analysis is basically the same as described by Henze et al. (1982) and

Henze (1984). The Stokes I and V parameters were determined from the observed signals
at the four waveplate positions for each repetition in each detector. A magnetic circular
polarization signal was then defined as

1'Vr Vb\ (1)

2 1,I bi

which is related to the magnetic field through the Zeeman effect by

Bcosy= 2AD - R2)exp([%A,/AAD] 2 ), (2)
eA2 flff 2)V

where -y is the angle between the field and the line of sight. The Doppler shift signal R, is

defined as IV - b (3)

Iv + 1b

and is related to the Doppler shift by

RV = erf(AA/L/AAD), (4)

where AA,- = (A0/c) v and erf is the error function.

In order to determine the magnetic field or velocity, it is necessary to know the Doppler

width AAD. The width was determined for each pixel from a leasm squares straight-line

fit of the observed values of the inverse error function of the observed Doppler shift signal

R, for each repetition versus velocity as shown in Figure 2. The velocity is the component

along the line of sight toward the sun of the spacecraft orbital velocity at the time of the

observation plus a correction for the "calibration" shift of the wavelength drive for every

second observation, The unshifted points are at the lower left in the figure while the points

with the velocity correction are at the upper right. The coefficients resulting from the fit
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Fig. 2. Example of calibration of Doppler width for one pixel. Vertical axis is the inverse error
function of the observed Doppler shift signal. Horizontal axis is the component along the linP
of sight toward the sun of the spacecraft orbital velocity at the time of the observation plus a
correction for the �calibration" shift of the wavelength drive for every second observation. Positvl,
velocities indicate red shifts. The point. with the velocity correction are at the upper right. The
straight line is a lea-st-squares fit to the points. yielding the parameters A,\D = 0,132 t 0.002 A
and voff = 1.91 ±-0.09 km s-.

are then converted into the Doppler width IAAD and an offset velocity corresponding to
the orbital velocity at R, = 0.

2.3. Results

The variations with time (i.e., with repetition) of the intensity (sum of counts from
two detectors weighted by ratio of sensitivities), line-of-sight velocity, and line-of-sight
magnetic field for one pixel axe shown in Figure 3. The top and bottom lines on each plot
show the uncertainty range based on the statistical fluctuations in the counting rates (i.e.,
assuming that the uncertainty in an individual count rate is equal to the square root of
the number of counts). The very large fluctuations in the magnetic field are due primarily
to the statistical uncertainties. Therefore, we ignore the variations and take the mean of
the 168 repetitions to decrease the uncertainty.

The results for the mean values of all of the parameters are given in the table. The
pixels are arranged in the same pattern as shown in Figure 1 with north up. Positive
velocities indicate upward (blue-shifted) motions. The uncertainties in the table are the
mean values of the uncertainties for the individual repetitions divided by the square root
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Exp. 29563, Pixel (1,2)

AI

>W_

TIME, 18:19-18:40 (1 68 repetitions)

Fig. 3. Example of time variation of intensity (top), line-of-sight velocity (middle), and line-of-
sight magnetic field (bottom) for one pixel. Each plot also shows the uncertainty range for each
parameter introduced by statistical noise (square root of the number of counts). Vertical scale for
intensity is 0 to 600 counts, for velocity is -7 to +5 km s- 1 . and for magnetic field is -15000 to
+15000 gauss. Positive velocities inoicate upward (blue-shifted) motions.

Table 1. Results (Mean Values) for Exp. 29563

Pixel (2,2) (2,1) (2.0)
AAD (A) 0.155±0.003 0.122±0.002 0.112±0.002

Intensity (counts) 581±0.9 150±0.5 292±0.7
Velocity (km s-1) 1.07±0.06 2.93±0.11 1.03±0.06
Mag. Field (gauss) -169±272 295±422 1052±285

Pixel (1,2) (1,1) (1,0)
AAD (A) 0.132±0.002 0.118±0.003 0.1155±0.002

Intensity (counts) 447±0.8 453±0.8 531±0.9
Velocity (km s- 1 ) -1.90±0.06 -2.37±0.09 0.04±0.05
Mag. Field (gauss) 1227±275 1348±254 1342±220

Pixel (0,2) (0,1) (0,0)

AAD (A) 0.129±0.002 0.119±0.002 0.146±0.003
Intensity (counts) 296±0.6 295±0.6 254±0.6
Velocity (km s-1) -5.54±0.12 -4.38±0.10 -3.79±0.12
Mag. Field (gauss) 920±354 1061±325 -482±424
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of 167. The peak values of the magnetic field are over 1200 gauss and are factors of 4
to 6 times the uncertainty, thus appearing to be statistically significant. The sign of the
field (i.e., positive) is the same as the photospheric level field observed by ground-based
magnetographs. Also, the peak fields in experiment 29566 (observed at the same position
one orbit later but not tabulated here) are generally consistent with the peak fields in
experiment 29563.

The results for 26 March 1985 will be published in a paper in preparation by M, J.
Hagyard et al. which will contain comparisons with ground-based observations including
magnetograms from the Marshall Space Flight Center.

3. Comments Relevant to Possible Future Ultraviolet Polarimetry

Although it is believed that the UVSP has indeed observed polarization for the first
time in the ultraviolet, it has been difficult to go beyond the level of simple detection
of polarization or magnetic fields because the count rates are usually so low that the
uncertainties are high simply due to counting statistics. This difficulty is made more
severe by the fact that the UVSP could observe only one pixel at a time and by the
sequential method of polariretry used, i.e., the analysis of the detected signal as a function
of rotating-waveplate angle. It was impossible to perform polarimetry at many spatial
positions during one orbit of the spacecraft and to obtain information about variations over
large fields with good spatial resolution. Also, activity could easily confuse the polarization
signal in situations where the brightness of the observed feature is not constant. Valuable
observing time was also lost while the various mechanisms (waveplate. wavelength drive.
raster) were changing position.

As an example of what an instrument like the UVSP would require to improve the
statistical significance, we consider the following example involving thie magnetic field. The
typical UVSP uncertainty (1 a) in the magnetic field is 300 gauss in a 10 arc sec square pixel
obtained in approximately 42 seconds of real observing time (but requiring a total time
of 140 seconds because of overhead to allow for motion of instrument mechanisms.) This
results from a typical UVSP rate of approximately 500 counts in 63 ms. (The intensities
in the table are the means of the intensities measured at the four waveplate positions.)
To decrease the uncertainty to 3 gauss would require an increase in the number of counts
by a factor of 104. Improving the resolution to 3 arc sec would require an increase in the
observing time by a factor of 10. Thus, even if the overhead ratio were improved to a
factor of only 2, the UVSP would require more than 100 days to observe one pixell

Several methods might be used to increase the counting rate and reduce the observing
time required in any possible future instrument.
"* The collecting area could be increased (UVSP had 66.4 cm 2 ). perhaps by a large factor.

"* It might be possible to increase the efficiency (UVSP had - 10-4 to 10-3).

"* A different method of measured polarization might be employed or, at least, more efficient
observing sequences which waste less time on moving mechanisms could be designed.

e Finally, array detectors should be used to allow simultaneous observation of many pixels.
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Discussion

S. Koutchmy: Do you have one single sim'dtan-!ous observation which has shown a change of tht. sign of
the magnetic field in an active region?

W. Henze: No. We attempted to find two spots with opposite polarities but were never successful

I. Staude: How large was the magnetic field strength at the photospheric level measured simultaneously
to your measurements in the Cf V line above the sunspot of March 19857 Do you plan a comparison of your

measurement with the results of a force-free extrapolation of the photospheric magrietu8ralij?

W. Henze: The photospheric field was approximately 1000 to 2000 gauss. The exact values will be published
in a paper by Hagyard et al.

J. Jefferies: What spread in values of the Doppler width do you find? Are these values generally consistent
with those found by other analyses of the profiles of this spectral line?

W. Henze: The Doppler widths found here range from 110 to 180 mA . This is consistent with other
observations of the Doppler width in the CIV 1548A line. Sunspot umbral width is usually - 100 mA
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Progress on the Analysis of BBSO Vector Magnetograms

Hairnin Wang

Big Bear Solar Observatory
California Institute of Technology

Pasadena, CA 91125, USA

Abstract

This talk is divided into two parts:

(1) I present the evidences that the BBSO vector magnetograph system is
measuring correct magnetic fields: (a) comparing the BBSO magnetograms with
the data simultaneously obtained at Huairou Solar Observatory, and Mees Solar
Observatory; (b) comparing the measured field with the Ha filtergrams to show
that the field azimuth matches with the Ha fibril structure; (c)measuring the vector
fields of naked a spots near the disk center to show that the observed transverse

fields have the radial structure.

(2) I present the prospect of the scientific application of the vector magneto-
graph data at BBSO. Especially, I introduce a new way to study the relationship
between the flares and magnetic structure - the shear map, which is defined as the
0 x Bt, where 8 is the angle between the azimuthal of potential field and the mea-
sured transverse field, and Bt is the absolute value of the transverse field strength.
Comparing the shear map and the location of flares, we found majority of flares
occurred near strong shear area but there are some exceptions.

1. Introduction

Observation of solar vector magnetic fields is of vital importance in understand-
ing solar activities. Hagyard and her colleagues in Marshall Space Flight Center
have lead the way in the measurements of vector magnetic field, the interpretation of
the data, and the study of the relationship between vector magnetic fields and solar
flares (Hagyard, 1988; Hagyard and Rabin, 1986; Hagyard et al. 1982,1984,1988).
At Big Bear Solar Observatory, we have made a great effort to establish a system to
measure solar vector magnetic fields with high temporal and spatial resolution. In
this paper, we will compare the vector magnetograms obtained at BBSO, Huairou
Station and the Mees Solar Observatory(MSO), to diagnose if the measurements of
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vector fields at the three observatories agree; we will compare the measurements of
the transverse fields with the Ha fibril structure; we will also present the observed
vector fields of naked spots near the solar disk center.

Finally, we will discuss the application of the vector magnetograph system.
The most important application is to study the relationship between the evolution
of magnetic structure and solar flares.

2. Observation

The Videomagnetograph (VMG) system at BBSO was developed by Leighton
and Smithson (Mosher 1976). Its recent development was described by Zirin (19S5).
The system has made valuable longitudinal field observation for almost two decades.
BBSO started the vector field experiment in the summer of 1988. In the first paper
of this subject, Cacciani, Varsik and Zirin (1989) described the BBSO system for
vector field measurements using a Magneto-Optical Filter (MOF). Normally, a 1/4
A Zeiss birefringent filter tuned to 6103A is used instead of the MOF. The time
resolution of the system is one set of (I,Q,U,V) images per minute. The pixel
resolution is between 0.2" to 0.6", the actual spatial resolution is about 1" to 2".

3. Diagnosis for BBSO Vector Magnetograph
In the end of September, 1989, active region BBSO # 1761 (Boulder # 5702)

was followed by BBSO, Huairou Observatory in China, and MSO. BBSO had almost
continuous observation from September 19 to 25; Huairou and MSO covered part
of the period.

In Figure 1, we compare a pair of vector fields obtained by BBSO at 0020 UT.
September 24, 1989 and by Huairou at 0030 UT, September 24, 1989, which is close
to BBSO's end of a observing day and Huairou's beginning of a observing day. The
longitudinal fields are presented by contours: solid line draws positive fields, dashed
line, negative. We plotted 4 contour levels for each polarity: 100,400,1600,3200
Gauss. The transverse fields are plotted with bars. The length of the bars is pro-
portional to the transverse field strength. The longest bars in each magnetograms
are roughly 1500 Gauss. Careful comparison between the two plots of the Figure
1 shows similarity of measurements by the two stations, for both longitudinal and
transverse fields.

Similarly, Figure 2 compares a pair of magnetograms obtained by BBSO at
1955UT September 22, and by MSO scanned from 1821 to 1931UT, September 22.
We need to rescale the BBSO magnetogram to match with the pixel scale of MSO
which is about 6 arcsecond. Again, the visual inspection of two magnetograms
shows great similarity.

The longitudinal and the amplitude of transverse fields observed at different
observatories can be compared quantitatively by means of correlation coefficients,
which are listed in the following table:
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Fig. 2 Comparison between a pair of vector magnetograms obtained
at BBSO and MSO, University of Hawaii, at about 1930UIT,
September 22, 1989,
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Table 1. Correlation between Magnetograms

BBSO vs. Huairou BBSO vs. MSO
Longitudinal Field 0.93 0.87

Transverse Field Strength 0.89 0.75

The correlation for various comparisons are reasonably good. The longitudinal
fields have better correlation than the amplitude of transverse fields; correlation
between BBSO vs. Huairou is better than that of BBSO vs. MSO, probably
because that BBSO and Huairou have the similar VMG systems.

The correlation method is not a practical way to compare the azimuthal angles
of transverse field measurements. The transverse field strength of most pixels falls
below the noise level in the observing field of view, the azimuthal angle of those
pixels could not be determined correctly. The correlation coefficient between angle
measurements is very much under-estimated due to the noise pixels. However,
when we calculated the correlation between the measurements of the field strength,
as listed in table 1, the contribution of individual pixel to the correlation coefficient
is weighted by the pixel intensity. So the noise data points, which have low pixel
intensity, have little effect on the correlation coefficient. In Figure 3, we show a
different way to compare the measurements of azimuthal angles. We plot the mean
angle differences between the measurements of BBSO and Huairou, at 0020UT,
Sept 24, as a function of transverse field strength. When the field strength is close
to 0 gauss, the mean angle difference is nearly 45°, meaning that the measurement
is not reliable at all, since the angle difference could range from 0 to 90; when
field strength decreases from 0 to about 200 Gauss, the mean angle difference drops
from 45' to 200 rapidly; when the field strength is larger than 1000 Gauss, the
mean angle difference is around 5°. So we could conclude that the transverse field
measurement is very reliable when the strength is larger than 1000 gauss, reliable
between 200 to 1000 gauss, not reliable if weaker than 200 gauss. The comparison
between the measurements of BBSO and MSO shows similar results.

The similar comparisons were made for the magnetograms obtained in October
19, 1989 at BBSO and MSO. The results are consistent again.

Figure 4 shows a Ha picture and a superimposed transverse magnetogram
obtained around 2000UT, September 22. The careful comparison demonstrated
that the orientation of dark fibrils are generally consistent with the transverse field
bars.

Figure 5 shows the observation of a naked spot near the solar disk center.
Normally, the direction of transverse field has a 180-degree ambiguity, which can
not be determined by the polarization measurements only. In this plot, the 180
ambiguity has been solved using potential field as the first order approximation.
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The nice radial transverse magnetic field structure confirms that we are measuring
correct vector magnetic fields.

4. Discussions and Future Goals
From vector magnetic field measurements, the vertical electric currents and

magnetic twists could be calculated (Hagyard 1988, Hagyard et aL, 1984). These
information would be qiuite important for the flare prediction. Hagyard (1990)
pointed out that flares are closely related with (1) transverse field strength, (2) shear
angle and (3) size of the large shear. We hereby introduce a new way to display
the magnetic structure: the shear map. In the near future, it will be developed as
shear movie. The shear map is the gray scale map defined as Bt x 9, where Bt is
the strength of transverse field and 0 is the angle between the observed transverse
field azimuthal and that of potential field. In Figure C and 7, we show the shear
maps for the active region on Oct. 19, 1989 and March 11, 1989 respectively.

In Figure 6, we marked four pairs of footpoints (a,b,c and d) of four bigger
flares in this region occurred between Oct. 18 and Oct. 20. (a) The flare on
18:32UT, Oct. 18. (b) 19:43UT, Oct. 19. (c) 15:10UT, Oct. 20. (d) 21:35UT,
Oct. 20. The dashed line shows the magnetic neutral line. The place where flares
occurred are near the segments of neutral line with big shear. However, flares avoid
the maximum shear locations, marked as M1 and M2.

The March 1989 super active region (Boulder # 5395) produced some 200
flares. Seven X class flares occurred exclusively in two sites, 'a' and 'b', as shown
in Figure 7. The magnetograms used to construct the shear map are observed in
Huairou. Note that, 'b' is very close to the maximum shear location; 'a' does not
have strong shear at all. The further study show that, the site 'a' is the place where
new fluxes were emerging continuously (Wang et al., 1990).

As the 22nd Solar cycle is rising, the successful operation of vector magne-
tograph systems could generate important scientific data. Especially, the BBSO
system could achieve fairly high temporal and spatial resolution with good and
constant seeing. That adds the power to study the evolution of magnetic fields in
flare productive regions. Furthermore, we will coordinate almost round-the-clock
vector field observations between BBSO and Huairou, so magnetic fields could be
followed continuously. Currently, we are making vector field movies, current movies
and shear movies for several flare productive active regions. Our goal is to find out
(1) change of magnetic configuration immediately before and following big flares;
(2) long term evolution of magnetic structure, to understand the energy built up
for solar flares.
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Discussion

J. Stenflo: The most serious calibration problem is that the derived value of the transverse magnetic flux
may be incorrect by a large factor outside sunspots if the magnetic filling factor is not taken into account.
How have you dealt with this problem?

H. Wang: We have not dealt with this hard problem yet. The calibration could be based on the observation
only by following an a spot from E to W limb.

J. Harvey Were the maps of vertical current and shear computed in the solar normal coordinate or plane-
of-the-sky coordinate system?

H. Wang: They are computed in the plane-of-the-sky coordinates system in order to avoid the transforma-
tion that mixes measured longitudinal and transverse fields.
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Recent Results from the San Fernando Observatory

Video Spectra-Spectroheliograph

by

G.A. Chapman and SR. Walton

San Fernando Observatory. Department of Physics and Astronomy
California State University, Northridge

Northridge, CA 91330 USA

Abstract. Results are presented from VSSHG observations of an extensive sunspot group,
NOAA 5669, that transited disk center on 4 September 1989. The data are presently pro-
cessed to obtain four images: a saturation-free longitudinal magnetogram, a Dopplergram,
a continuum image, and a line core spectroheliogram. All images are from two-dimensional
spectral data with a spectral window of about 1 A, centered on the 6302.5 A line of neutral
iron. The images show the well-known "fringing" of sunspot fields, the "unsymmetrical"
Evershed flow, as well as large-scale flow patterns within the active region. The results
presented here are preliminary and will be improved by Fourier filtering of the original
video spectra, after digitizing from video tape. Velocities in the Dopplergram are referred
to laboratory wavelengths, using nearby telluric 02 lines.

1. Introduction

In the past, measurements of the magnetic field intensity in the solar photosphere have
been made by the "Babcock" method (or the Leighton photographic method). These
methods convert Zeeman or Doppler line shifts into intensity variations in photometric
detectors. However, the conversion of these intensity variations into magnetic or velocity
signals becomes non-linear and saturates within sunspots. Furthermore, the shape of
the solar absorption line changes in sunspots and non-spot magnetic regions, altering the
calibration of these "Babcock" intensity variations.

The only way past these difficulties is to measure the entire line profile for each solar
surface element in all of the desired polarizations. Such observations can be carried out in
one of two ways: either by a sequence of images at different wavelengths and polarization,
or a sequence of spectra at different positions and polarizations. The former is the basis
of the Lockheed group's use of a rapidly tunable filter (SOUP); the latter is derived from
the spectra-enregistreur (Rayrole i967) or the Spectra-Spectroheliograph (SSHG) (Title
and Andelin 1971). However, the technique at the SFO utilizes video technology, hence
the designation VSSHG.

The filter scheme is clearly preferable for balloon- and space-borne instruments, due
to size and weight considerations. However, at ground-based locations, the filter scheme
mixes image distortions into the spectral domain. To achieve high a signal-to-noise ratio,
the images at different wavelengths must have seeing distortions removed ( "destretching").

We have adopted the second approach in the VSSHG. This has the advantage that
all spectral elements for one line on the sun are obtained at the same time. Thus, there is
no mixing of spectral and spatial information. The spatial resolution of the images may
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be lower than for the filter method, although this will depend on scanning speed, image
stability, and selection of raw spectra.

We obtain pairs of spectra of opposite polarization side-by-side on a single video image.
In order to maximize speed in obtaining image and reduce cost of storage, we recorded the
spectral image directly from our Cohu CCD camera onto 3/4 inch. U-matic VCR magnetic
tape. These data are recorded at the standard NTSC rate of 30 frames per second and are
later processed to produce digital images of the solar magnetic and velocity field as well
as core and continuum images. The regions are scanned with an interval of 11 minutes or

4
less in order to filter out the 5-minute p-mode oscillations. (We are looking for "steady"
flows associated with active region evolution.)

2. Observing Scheme
The vacuum spectroheliograph is scanned mechanically at a speed determined by the
number of video frames to be summed during subsequent processing for noise reduction.
For the images shown here, five video frames were summed. The scan speed during this
period was higher than it should have been, resulting in a north-south compression of
the images by a factor of about 2.4. More recently, the scan speed using the 28 cm
vacuum telescope is typically 1.56 arc-sec per second; with our image scale, this results
in undistorted images with a six-frame sum. This scanning speed appears to be a useful
compromise between speed, to improve spatial resolution, and signal-to-noise ratio in the
derived images. A higher signal-to-noise ratio would require more video frames to be
summed for each line of the output images, and a correspondingly slower scanning speed.

3. Data Analaysis
The recorded spectra are digitized by a Matrox MVP video digitizer and processor operated
in a PC-AT clone that also controls a JVC model 600 U-matic VCR. The video data are
digitized from the tape while the tape is in play mode, as commanded from the PC: the
tape is backed up 60 frames (two seconds) before the next desired digitization to allow the
playback to stabilize. The summed video spectra are corrected for the dark and flat-field
response of the CCD, and a Gaussian fit is used to remove the blend with the telluric 03
line at 6302.7 A. Finally, the desired processing schemes are applied to each line of the
spectrum, and the processed data are written to magnetic disk as a set of digital images
generated one line at a time. The pixel size in the digitized spectra corresponds to 0.46 arc
sec in the spatial direction and 9 mA. in the spectral dil'ction. (The spectral resolution of
about 20 mA is set by the entrance slit width.)

The images produced are: a continuum image, formed from an average of a few pixels
at a wavelength of 6302.25 A; a line core image, formed from the minimum intensity within
several pixels of the center of the solar line-we allow for the Doppler shift of the line; and
a line-of-sight magnetogram and line-of-sight velocity field map, both calculated using a
center of gravity technique. That is, B11 and v11 are given by:

B11 = kB x ] I(A)]dA (1)
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and
fEI, - I(A)IdA1!11 = k . X f 11,- 1""']d

where 1(,\) and V(A) are the Stokes profiles, 1, is the continuum intensity, and kB and k.
are the appropriate constants to convert from splitting in pixels to longitudinal field and
velocity, respectively. That is, the ratio of the above integrals, calculated as simple sums
in the digitized spectra, give essentially the line-of-sight magnetic field and the shift of the
line center in pixels; the known dispersion and Land6 g factor are used to convert to B11
and vii.

The integrals in equations I and 2 are calculated only over that wavelength range for
which I(A) is less than 90% of 1, as a means of reducing noise (Brants 1985). Some noise
in spot umbrae, visible in these images, will be reduced in the future by Fourier smoothing
the spectra before calculating the quantities indicated in equations I and 2.

The resulting images are both simultaneous and perfectly co-registered, essentially by
definition. Seeing-induced image motion changes the spatial relationship between lines,
but not within a single line of the images.

Much of the data from August, 1989 (NOAA Region 5643) have been processed,
as have some of the data from September 1989 (NOAA Region 5669). An analysis of
the relationship between non-spot magnetic fields and their continuum contrast has been
carried out by Lawrence et. al. (1990) for the August 1989 data. The video data have
been processed with a preliminary version of the software, without Fourier smoothing and
without use of floating point arithmetic in the processing. Test runs of new software, which
use a DSP Point-I array processor to both Fourier smooth the data and calculate the above
integrals using floating-point arithmetic, produce significantly better results, with reduced
streaking and random noise, particularly in sunspot umbrae. The noise outside of spots
for the magnetic image is approximately 30G RMS, and for the Doppler image is about
40 m/s RMS.
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4. Results

Figure 1 shows the ieader spot for NOAA 5669 at 18-59UT on 2 September 1989. These
images have been magnified in the computer so that individual pixels can be seen This
spot shows an interesting opposite (South, black) polarity feature in the north part of the
penumbra. There is no obvious darkening in the continuum image, but there is a curious
bipolar Doppler feature with a strong red-shifted feature at the same position as the black
magnetic flux. There is a curved light bridge dividing the main part of the spot into two
umbrae. The mean line-of-sight magnetic field for these two umbrae was 1873G. The field
strength in the light bridge was 1432G, a difference of 440G or over 20 standard deviations.
It is possible that there is a directional change to the magnetic fields in this region. Since
each scan takes only about 1 minute, we can repeat scans at 11 or 21 minute intervals4 1
and sum and difference the Doppler images so as to enhance either the steady flows or the
oscillatory velocities.

Figure 2 shows the entire active region from which Figure 1 was taken. Figure 2(a)
shows the continuum image, 2(b) shows the sum of two Dopplergrams separated by 22
minutes, and 2(c) shows the difference of these same two Dopplergrams. There are some
interesting flow patterns in Figure 2(b), especially at the trailing (right) side of the main
spot, where a two-pronged downflow is adjacent to a large region of upflow associated with
opposite polarity magnetic fields in the penumbral region between the two large umbrae.
There is some suggestion of weaker p-mode waves in 2(c) in parts of the active region with
a strong magnetic field. The horizontal streaks in 2(b) and 2(c) have been found to be
caused by the use of integer arithmetic, and have been eliminated in a new version of the
processing software.

In Figure 3, we see NOAA 5669 on 4 September 1984 at 20:00UT (The magnetic
polarities are shown reversed.) Figure 3(a) and (b) are images of the continuum and line-
of-sight magnetic field, respectively. In Figure 3(c), a single Dopplergram, one can see that
the northern parts of the active region are blue shifted and the southern parts are red shifted
with maximum velocities of approximately -0.49 km/s and +1.48 km/s, respectively. The
peak line-of-sight magnetic field in the leader spot (left side) is 2684 ± 59 G. A small
"satellite" magnetic feature to the northeast of the main spot is more closely seen in
Figure 4.

In Figures 4(a) through (c), we have magnified views of the corresponding Figures 3.
One of the interesting features to note is the "satellite" magnetic feature (white) near the
center of the figure. The peak magnetic field strength of this feature seems to be at the
right edge of the penumbra of the lead spot. The magnetic feature, which has a peak field
strength of 319 :k 23 G, corresponds to a strong downflow (white) to the west (left) of a
large region of upflow (black) in the Dopplergram of Figure 4(c). This may correspond to
a westward plasma flow in a magnetic loop rather than the loop rising or falling.

Figure 5 shows some details of NOAA 5643 on 17 August 1989 at 22:59UT. Figure 5(a)
gives an overview of the region (all images are compressed by about a factor of 2 in the N-S

[vertical] direction). In Figures 5(b) and (c) the leader spot is magnified. In Figure 5(b) the
continuum image is shown with two squares, located off the umbra where the line-of-sight
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(a)

(b)

(C)

Figgre 2 Complete image of data of Figure 1. (a) continuum, (b) sum of 2 Dopplergrams with 2½ minute

time separation to eliminate most of the p-mode oscillations, and (c) difflerence of same 2 Dopplergrams to

enhance p-mode and eliminate slowly varying velocities.
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(a)

(b)

(C)

Fiziai 3 NOAA no. 5669 on 4 September 1989, 20:00 UT. (a) continuum image, (b) longitudinal mag-
netograrn, and (c) Dopplergramn. The northern part of the region shows preferentially blue shifts and the
southern part red shifts, with maximum velocities of approximately -0.49 km/s and +1.48 km/s. respec-
tively. The peak magnetic field strength in the leader spot is 2684 ± 59G. The small white region (arrow)
ha. B = 319 ± 23G. Black is positive and white is negative in this view.
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field is s.rill ,trt ng W ithin the lhe f I .. w" fi lI t r, f.J!, wilg tj latitttSi . ,uti )11 t1 .,.'.

c,. res Lect:ve4y !I/•, = 0.26. B = 15.52 ±87G- 'ln = -280 ± 11') L-/s. : .r i ".4

we fi•vi. f,tr tie same quantities. 1[ph = (i/ 32, B11 = 24i;6 ± 57G. and t11 4 3 - _ ±
The uncertainties are the standard error. The rectangles are 8 by 8 pixels i me.,,,r.-

nirtts vWher9- the N-S directionl is Compressed by a factor of about 2.
For the leader sunspot of NOAA 5643 we find a peak magnetic field strength 4 '11,

2400G. Near the center of the disk. there is a faint ring of opposite polarity flux >ursid-
penumbra, perhaps representing the outer edge of the "superpenumbra" (Figure 5,', We
find a peak Evershed velocity of approximately 2.2 km/s near the penumbra-phctosph-re
boundary. The spatial character of the Evershed flow is highly structured. The nature -f
the flow on the disk side is different than that on the limbward side. Individual leunerlrs
show Doppler shifts corresponding to velocities of about 2.5 km/s, near p • 0,7. Fliw
patterns can be seen persisting for most of the day. Some of the larger follower magnetic
elements show no Doppler signal.

5. Summary

We have presented preliminary results from the SFO VSSHG that show it to be a promising
instrument. The data acquisition technique is relatively fast and inexpensive. Raw data
are stored in analog form and can be processed by increasingly sophisticated software.

With the present software we can produce images showing interesting relationships
between the magnetic, velocity, and intensity fields. For example, in NOAA 5669, over
several consecutive days, we see a strong N-S asymmetry in the velocity images, suggesting
opposite flow patterns in solar radius or solar longitude or a combination of the two
Detailed analysis of proper motions will help resolve this ambiguity. It is important to note
that this N-S Doppler asymmetry was not seen in NOAA 5643. An important question .s
whether these different Doppler patterns relate to any differences in the evolution of the
magnetic field or intensity configurations; e.g., umbral versus penumbral areas.

We hope to address some of these fundamental questions in the near future while mak-
ing incremental improvements to the processing software. In addition, we have added the
ability to measure Stokes Q and U spectra. These data should help us better understand
the evolution of the total magnetic field.

This work has been partoly supported by California state funds and partly by NSF
grant number AST-8603009. We thank Dr. J.K. Lawrence for suggesting improvements
to this paper.
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Discussion

S. Koutchmy: Outside the core of sunspots, do you have any method to calculate tile strength of th,ý
magnetic field by introducing the filling factor for example?

G. Chapman: No, we don't yet know the filling factor in non-spot field regions.

S. Koutchmy: What is the contrast you measure for "faint" fields at the disc center?

G. Chapman: The contrast depends on the magnetic flux measured in the feature (to be pubisheQ by
Lawrence et al.).

E. Landi: How is the Ax appearing in your equations defined?

G. Chapman: The line center is deter.ined from the nominal line position relative to the telluric 02 lines.
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Abstract

After a short historical introduction the instrumentation of the
double line vector magnetograph is described as it is working in
connection with the tower telescope of the Solar Observatory
'Einsteinturm' at Potsdam. Subsequently we outline the calibration
of the instrumental response to incident polarised light including
the procedures for eliminating signal distortions (instrumental
polarization, parasitic stray light). The theoretical calibration
of deriving the magnetic field components from the observed Stokes
profiles is the next step. Finally we give a few examples of vector
magnetograms and outline some of our methods for deriving further
information from the magnetograms, e.g. calculations of electric
current densities, force-free magnetic field extrapolation and
modeling of the microwave radio emission.

1. INTRODUCTION

After the pioneering work of Hale (1908) Mt. Wilson was for many
years the only observatory where solar magnetic fields have been
measured by visual or photographic methods. The Solar Observatory
'Einsteinturm' at Potsdam was the second institution where such
measurements have been performed: Von Kluber (1947) developed and
used since 1942 a well operating photographic technique with
circular analyzer which has subsequently been improved and applied
by Grotrian et al. (1953, 1956) over several decades. In 1970
photoelectric measurements of Stokes parameters started at Potsdam
in close cooperation with colleagues from the SibIZMIR institute at
Irkutsk which used the same type of vector magnetograph in the
Sayan observatory. The equipment, methodical experiences, and first
results obtained at Potsdam have been described in a report by
Bachmann et al. (1975).

Since then our magnetograph as well as the data handling have been
considerably improved. In the present paper we intend to outline
the present state of our instrumentation (Section 2), our procedure
of instrumental calibration including methods for reducing signal
distortions (Section 3), the theoretical calibration for deriving
the magnetic field components from the measured Stokes parameters
(Section 4), and finally examples of resulting magnetograms and of
applications of such data in further investigations of solar active
regions are given (Section 5).
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2. INSTRUXMENTATION

The Potsdam double line vector magnetograph is working in
connection with the solr tower telescope 'Einsteinturm'. The two
coelostat mirrors with diameters of 60 cm reflect the light into
vertical direction. The objective lens has a diameter of 60 cm and
a focal lenght of 14 m, but for polarization measurements the
aperture is usually restricted to 45 cm. By means of an optical
enlarging system an equivalent focal length of 28.4 m can be
achieved. A 450 plane mirror deflects the light from the vertical
into the horizontal direction of the spectrograph installation.
Photoelectric guiding and scanning systems are used to enable a
scanning of a selected region on the Sun with an extent up to
6'x7' and a spatial resolution of 3"x3".

The double spectrograph consists of 2 independent auto-collimating
grating spectrographs, either of them with an objective lens with a
diameter of 35 cm and a focal length oT 12 m, moreover, a plane
grating with an area of 20 x 30 cm or 20 x 25 cm2 and 600
grooves per mm. Both spectrographs obtain their light through a
common slit and polarizing modulator with subsequent beam
splitting.

A rectangular modulation of the state of polarizatior is achieved
by means of two step-modulated Pockels cells which are working with
frequencies of 900 Hz and 300 Hz, followed by a quarter-wave plate
and a linear polarizer. The modulation scheme is similar to that
described by Stepanov et al. (1975): In 6 subsequent phases signals
are obtained which are proportional to I±V, I±Q, and I±U. In
either of the two spectrographs photometer slits select 3 ranges
(line core: ±40 mX; both wings: ±(40-160) mA from the line center)
in the profile of the respective Fraunhofer line and fed the light
to photomultipliers. That means, all 4 Stokes parameters can be
measured quasi-simultaneously in 3 ranges of either of 2
independently chosen line profiles. Additional channels measure the
intensity in a continuum band, Ic (used for normalization) and in
the core of the H-alpha line (used for co-alignment with
filtergrams of high spatial resolution. Moreover, the Doppler
compensators are working independently from each other in either of
the two lines in order to center the lines onto the photometer
slits and to measure the line-of-sight velocities v. A sampling
rate of 16 Hz is used in each of the 28 channels, the data are then
stored on a magnetic tape.

The rms noise corresponds to degrees of polarization of 0.0005.
Applying the calibration procedures of the following sections,
threshold values of 6 G for the longitudinal component and 120 G
for the transverse components of the solar magnetic field are
obtained, if the line FeI 5253.5 X is used.

Since 1982 measurements of the 4 Stokes parameters in one wing of a
magnetically sensitive line, that is to say with a reduced variant
of the magnetograph described above have been performed; a short
description and first results have been published by Bachmann et
al. (1983). In 1988 we started test measurements in two lines using
the complete instrumentation.
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3. INSTRU14ENTAL CALIBRATION AND ELIMINATION OF SIGNAL DISTORTIONS

A reliable measurement of Stokes profiles requires a careful
calibration of the instrumental response of the whole equipment
(telescope and modulator) to incident polarized light. This
calibration must include an elimination or at least a strong
reduction of signal distortions originating in the atmosphere of
the Earth and in the telescope.

Temporal variations of the transparency of the atmosphere are
eliminated by normalizing all Stokes parameters to Ic.
Unfortunately, such a simple procedure cannot exclude distortions
by parasitic stray light, that is true scattering of light, for
instance at dust particles, and image blurring due to air
turbulence. Measurements of stray light have been performed at
Potsdam for various seeing conditions, usually by scanning Ic
across the solar limb and outside the limb; the results have been
compared with other estimates of stray light (intensity contrasts
in sunspot umbrae, measurements of Zeeman splittings in umbrae from
photographic spectra and their comparison with magnetograph data).
These data have shown that blurring can usually be neglected for
our moderate spatial resolution of 3". A determination and
correction for (unpolarised) scattered light from the quiet
photosphere, however, cannot be avoided and has been applied to all
measurements. Otherwise errors of factors of 2-3 can easily be
achieved under moderate seeing conditions. The earlier discussed
discrepancies between 'theoretical' and 'empirical' calibration
curves (Severny, 1967, 1977) could largely be due to such simple
origins.

Instrumental polarization is mainly due to the oblique reflections
at the plane mirrors of the solar telescope. The results are
depolarization and crosstalks among the different Stokes
parameters, but also a miscentering of the used line within the
photometer slits is possible. The latter effect was particularly
dangerous for older magnetographs which made use of the symmetry
properties of the ideal Stokes profiles with respect to the line
center. In earlier papers (J~ger, 1972, 1974; Bachmann et al.,
1975) different methods have been discussed for eliminating such
distortions. These methods require the knowledge of the Mueller
(instrumental response) matrix of the telescope which can be
measured but also calculated by means of Fresnel's formulae, if the
mirror constants and the reflection angles at the telescope mirrors
are known. In each case the elements of the Mueller matrix will
depend on time.

At present we are including the determination of instrumental
polarization into the calibration of the whole instrumental
response. For this purpose a large linear polarizer (diameter 45
cm) or a circular polarizer (diameter 30 cm) can be placed in front
of the first coelostat mirror and rotated by definite angles. In
this way the Mueller matrix of the whole equipment is measured
before and after each scanning of a region on the Sun;
interpolation is then sufficient for determining the matrix for
each moment during the observation. Small residual errors can still
remain due to imperfect properties of the calibration optics. Their
removal is only partly possible and requires more sophisticated
methods of signal corrections.
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As far as no polarization-free telescope is available, each method
for reducing the instrumental polarization is useful. For instance,
a great part of linear polarization can be compensated by a tilted
glas plate with appropriate orientation of its two axes, moreover,
one can look for optimum angles of the coelostat mirrors for which
instrumental polarization is diminished by partial mutual
compensation (Bachmann, 1984).

4. THEORETICAL CALIBRATION

In principle the term 'magnetograph' is misleading because such a
device measures signals which are proportional to the Stokes line
profiles (Ii=(I,Q,U,V)) of light emitted from a selected region on
the Sun. Such a 'Stokesmeter' becomes a magnetograph only by the
theoretical calibration, that is by calculating the relation
between the Stokes line profiles and the magnetic field vector a. B
is determined by its components Be - B cos ', B 1 - B L cos 27,
B 2 = Bj sin 2q with B± - B sin., where B =jBeBw and 3. are
the longitudinal and transverse field components, respectively, is
the angle between the line-of-sight and B, andi? is the azimutliof
B. The problems of theoretical calibration have been reviewed in
several papers by the present authors (Bachmann et al., 1975;
Staude, 1980; Staude and Hofmann, 1988), here we will only outline
those procedures which are nowadays used at Potsdam.

For calculating the required relation between Ii and B a suitable
theory of line formation in the presence of a magnetic field is
needed. In each case such a theory makes use of a given model
atmosphere, that is of the spatial distribution (usually the height
dependence) of thermodynamic quantities. This implies that the
theoretical calibration becomes model dependent. Additional
information on the used line (more generally, on the used atom or
ion) such as quantum numbers, excitation potentials, and oscillator
strengths, must be provided as well.

In our observatory a computer code BHM has been developed for
performing the required calculations. A detailed description of an
earlier version of this code has been given in a report (Staude,
1982). This code uses the equations of transfer for the Stokes
vector 1, in a form as simple as in LTE. That means, a system of 4
coupled linear ordinary differential equations with variable
coefficients can be numerically integrated by a Runge-Kutta
technique with automatic choice of step width. Non-LTE effects can
be considered by applying coefficients bi which describe the
deviations from the LTE populations of the upper and lower energy
levels of the considered transition. The bi are obtained from a
usual multi-level non-LTE calculation neglecting the magnetic
splitting; the LINEAR code of Auer et al. (1972) and the MULTI code
of Carlsson (1986) are available for this purpose. Calculations by
Rees (1969) and by Domke and Staude (1973) have shown that such a
'zero field approximation' is a good approach for practical
purposes. The codes LINEAR and MULTI also contain useful procedures
for deriving semi-empirical model atmospheres as it has been done,
e.g., by Staude (1981) for the sunspot umbra. BHM considers the
height dependence of all thermodynamic quantities and hence of all
line parameters such as line absorption and emission, damping,
Doppler widths, continuum absorption, but also a and v can vary.
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Anomalous dispersion is taken into account. Usually Russell-
Saunders coupling and electric dipole transitions are assumed, but
other splitting patterns can also be considered. If hyperfine
structure splitting is important, the splittings and strengths of
subcomponents can be calculated by the HYPER code of Landi
Degl'Innocenti (1978). Blends of several magnetically split lines
can be calculated as well.

The described code is used to calculate synthetic Stokes line
profiles and theoretical calibration curves (integrations of the
profiles over the photometer slit widths) for given values of (B,
r, (p ) and selected model atmospheres. Comparisons between such
data sets and the measured Stokes parameters yield the desired
information on B. Our calculations show that the results are
sensitive with respect to the proper choice of the model atmosphere
for the observed point on the Sun, moreover, simple approaches such
as the 'weak field approximation' can result in large errors.

Simultaneous measurements in 2 lines can provide information on
unresolved fine structures in the observed pixel. Procedures for
applying the line-ratio method to vector magnetograph measurements
with our equipment have been developed by Bachmann (1990) applying
the code described above.

The mean depths of formation of the different Stokes profiles and
the range of depths which essentially contribute to the line
formation are important for the interpretation of polarimetric
measurements. In order to calculate these quantities a method has
been proposed which is based-on the probability interpretation of a
scalar product of Stokes vectors (Staude, 1972).

5. EXAMPLES OF NAGNETOGRAMS AND OTHER DERIVED QUANTITIES

A first example of a vector magnetogram is given in Figure 1. The
position of the observed region with sunspots was in the southern
hemisphere of the Sun, at a distance of 450-500 from the central
meridian. Therefore projection effects result in a strong
asymmetry of the transverse field, we are looking into the spots
from a NW direction. The simple pattern of BL azimuths of the
isolated spot in the western part is only obtained after carefully
performing the calibration and correction procedures described in
Sections 3 and 4. In the example of Figure 2 the vector field
components and the geometrical mapping of the off-center vector
magnetogram were transformed from the image plane into the
heliographic plane. The resulting transverse field shows a strong
twist, contrary to the example of the spots in Figure 1. The
transverse field magnetograms can be used to calculate the
vertical current density, jz. The result is also shown in Figure
2. It is interesting to note that one ribbon of a flare in this
active region was concentrated in the umbra, just at the position
of the maximum of downflowing Jz in our magnetogram, while the
other ribbon was located in a weak field region where it was
stretched and nearly parallel to the neutral line (Hofmann et
al., 1987).

Our magnetograms have also been used to calculate the force-free
magnetic field structure above the photospheric region where the
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measurement has been performed. A procedure for the theoretical
extrapolation from a B. magnetogram assuming a linear force-free
field (V7x a =o( witho( constant) has been developed by Seehafer
(1978). The free parameter 0( is determined by fitting the
calculated lines of force of B to observed fine structures in HW
filtergrams; B4  magnetograms can also be used to compare the
observed field with the theoretical prediction from the
extrapolation procedure. In a first test of the method we used
SacPeak magnetograms of the complex active region of August 1972
(Seehafer and Staude, 1979). Interesting results have been
obtained for a small active region with a large p-spot of 4 July,
1973 (Seehafer and Staude, 1980): A moving magnetic feature pressed
together opposite magnetic fluxes to form an X-type neutral sheet
which could be identified in the extrapolated field; the
configuration was the cause of chromospheric activity such as
subflares and ejections. The same magnetogram has also been used to
compare the results from our extrapolation procedure with those of
other authors such as Nakagawa and Raadu (1972) and Schmidt (1964),
the latter only for the special case of a potential field, that is
S- 0 (Seehafer, 1982; Seehafer and Staude, 1983). The
extrapolated magnetic field structures have also been used in model
calculations of microwave radio emission (e.g., Hildebrandt et al.,
1984) which could be compared with the measurements from radio
telescopes such as VLA, WSRT, or RATAN with large spatial
resolution.
The Potsdam magnetographs have been included into several
international programs for comparing the results from quasi-
simultaneous measurements of the same active region. A comparison
of B. magnetograms has been organized by Pflug (1980) who also
proposed methods for finding a uniform zero point and scaling of
the different B. maps. Recently a cooperative program included
vector magnetograms from Potsdam and Sayan and Bit data from
Ondrejov; the comparison included methods for eliminating signal
distortions and for calculating current densities (Hofmann et al.,
1988a,b) as well as vertical field gradients (Hofmann and Rendtel,
1989). After applying all possible calibration and correction
procedures the data show generally a good agreement, but some
differences in details due to different seeing and instrumental
conditions and to the use of different lines cannot completely be
removed.

6. CONCLUSIONS

In the present paper we intended to describe the instrumentation of
our double vector magnetograph as well as our procedures of
instrumental and theoretical calibrations, including the methods of
diminishing the systematic errors from signal distortions and model
assumptions. The examples show that the resulting magnetograms
provide reliable and useful data for further investigations of
physical processes and structures in solar active region. Of
course,analogous to other instruments of this kind our magnetograph
is a compromise between different demands, determined by our
scientific aims and limited by our instrumental and atmospheric
conditions. For instance, we intended to scan complete active
regions with moderate spatial resolution (3" is the limit
determined by our seeing conditions), but to have also sufficient
spectral information to reduce uncertainties from model assumptions
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and unresolved fine structures. Suggestions for an improvement are
straightforward: Better detectors such as CCD cameras could
provide more complete information in much shorter time, e.g., more
(at least 3 or 4) lines should be used to measure simultaneously
the magnetic field vector at different height levels, and more
measuring points in each Stokes profile would improve the
theoretical calibration.
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Discussion

J. Stenfio: Your double magnetograph has the capacity of recording the Stokes parameters in two spectral
lines simultaneously. How do you exploit this capability?

J. Staude: First measurements have been done applying the line-ratio method of the two lines Fel 5247.06A
and 5250.22A from RMT No. 1. Preliminary results for facular regions and the quiet sun yield field strengths
of roughly 2 kG, field directions which are nearly perpendicular to the solar surface, and filling factors which
strongly vary from point to point.

G. Simon: Which of the three models (Nakagawa, Boulder; Schmidt, Munich; or Seehafer, Potsdam) do
you prefer? That is, does one seem to agree consistently better with other observed phenomena, such as
directions of Ho fibrils or penumbral filaments, than the others?

J. Staude: We prefer the Potsdam method developed by Seehafer because it does not require the net
magnetic flux in the measured magnetogram to be zero. For the other methods the latter should be achieved
by artificial manipulations at the measured data. A comparison with the Schmidt procedure is only possible
for a potential field. Generally we found good agreement with the majority of observed data if we used
Seehafer's method.

L. November: What method do you use to invert Stokes line profiles to give d and other parameters?

3. Staude: See the answer to John Jefferies' question.

L. November: What assumptions are used in the extrapolation of flux lines? Force-free?

J. Staude We assume a force-free field with constant a and determine the value of the a by fitting the
calculated lines-of-force to fine structures in Ha filtergrams.

J. Jefferies: How do you use the polarimetric data to infer active values for the magnetic field vectors -

what is your calibration procedure?

J. Staude: The "theoretical calibration" uses a grid of synthesized Stokes' profiles which are calculated for
a set of values of magnetic field strength, of angles, and for a small number of atmospheric models (flux
tube, sunspot umbra, quiet sun); the profiles have been integrated over the widths of the photometer slits.
The analyzing procedure selects the data set for the most suitable atmospheric model (e.g., umbral model
for dark features) and determines the magnetic field components by interpolation.

K.S. Balasubramaniam: How long did it take you to make observations of a whole active region?

J. Staude: The scanning of a large region with 4 x 5 arcmins takes about one hour.

J. Harvey: In your second vector magnetogram, one has the impression of a strong azimuthal twist of the
penumbral transverse field. Do you see this nice phenomenon frequently?

J. Staude: Azimuthal twists of the transverse field around sunspots have been frequently observed, but
in most cases the twist is weaker than in the example given here. This strong twist is the result of a
counterclockwise rotation of the spot with a rate of 40*/day, which could be inferred from a series of
heliograms.

S. Koutchmy: From test consistency between magnetic field mapping you did above sunspots and the
radio-emissions you showed which correspond to the coronal levels, what kind of strength do you get for the
coronal magnetic field?

J. Staude: Radio microwave emission calculations based on our measured and extrapolated magnetic field
magnetic field data are in agreement with the data of radio emission observed above sunspots, if the umbral
transition region and lower corona are situated at low heights above the umbral photosphere, that is at
2000-3000 km where the magnetic field strength is still of the order of 1-2 kG. This is also in agreement with
the SMM data of magnetic fields measured in the sunspot transition region (see W. Henze's paper).
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Summary. The principles of measuring of all the Stokes parameters
simultaneously by vectormagnetograph and line-sight velocity by
integro-interferometric tachometer are described. These
instruments are installed on Solar Tower Telescope of IZMIRAN
and can be used for measuring the velocity distribution on two
different heights in the solar atmosphere simultaneously

1. Solar magnetograph for simultaneous measurement of all
magnetic field components

It is known that the measurement of the Stokes parameters of
the incoming radiation is sufficient for the determination of
the total magnetic vector. The method of the simultaneous
determination on of all Stokes parameters has been developed in
IZMIRAN in early 60 and has been described in some papers(Ioshpa
and Obridko,1962; Ioshpa and Obridko,1964). In the same time the
method of vector magnetic field measurement was supposed also
in Crimean Astrophysical Observatory (Stepanov,Severny,1?62..In
the following years the methods of measu-in the vector magnetic
fields were very intensively developed and now many Stokesmeters
and vectormagnetographs are operating in different observatories
throughout the world ( seefor example,Hagyard,ed.,19851.

Here I want only to remind the main features of our method and
our instrument.

Let the incoming sunlight described by Stokes vector
Io(Io,Vo,Qo.Lo) pas the retarder /6/, electrooptical modulator
/KDP Pockels cell/ with the variable retardation 6t=A sin wt and
polaroid (fig.1).

fuziA~tt. ofP Poe

fig.l.Optical scheme to record simultaneously all Stokes
parameters with a single electrooptical modulator.Here a and CU
- the position angles of the ordinary axes of the plates relative
to the axis of the polaroid(see the left part of figure).

Then the output Stokes vector I may be calculated by Mueller
matrix method:I = MIo , where

M=M(p)R(45)M D R(45)R(a)M(6)R(-cx). (1.1)

But we are interested mainly in the first line of the output
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Mueller matrix representing intensity falling on the detector. It
may be represented as

I=Io+Qo [(cos 2 2ot + sin2 2 cos 6 )cos 6t-sin2c sin 6 sin 6i]+
+ Uo[(sin2a cos2a cos6-sin2' cos2c)cos6i +cos2. sin6 sin6t]+
+ Vo[ sin 2a sin6 co.6i + cos6 sin6i]. (1.2)

From our point of view it is more conveniently to represent
the result in the coordinate system in which tne one a::1_= is
directed along the main axis of the polarization illipse; in
this system the parameter U = 0 anc the 4 Stokes parameters may
be replaced by 3 Stokes parameters I,Q .' and the angle oetween !=e
direction of tne transversal field and some arbitrary direction

I=1/2[Io -Qo (cos2l -in27 cos6t+sin2 coslp cos6 cos6i -

-sin27 sin6 sin60)--Vo (cos2(p sin6 cos61 +cos6 sin61)], (1.7)

where I- the angle between the direction of the great a:xis of the
polarization ellipse and the ordinary a;:is of KDP plate, v- angle
between the axes of VDP and retarder 6 plates/fig.2/.

P

fig.2. The positions of optical element axes relative to the

direction of magnetic vector in the image plane.

Using 61= Asinn, we e:.n)za cos6i and sin6t in terms of Bessel
functi ons

cs 6i=JoA+2Jz(Acos2,.t+..., sin 6t= 2JiUAsinwt÷... k1.4)

Then we can separate signals at various frequencies:

Iw = Ji(A)Qo sin20 sin6-Ji(A)Vc cos6, (1.5
12=J2(A)C'o(cOs2Z sin2(p+sin 2.1 cos2•, cos6)-Jz(A)Vo cosZ2V sin6,
I==li:2 1-.Jo(A)[Oo(cos2C sin2'4-sin24 cos2 cos)-Vo cos2q sir,6]4.

The last term will be uncnangeo it we choose A = 2,41(' . ,o2
modulation ) because Jo 2,40.= C' .

In our magnetograprh the radiation from both wi:nog os t~ e
magnetic line falls alternately on the e;;xit slit of the
spectrograph and the pnotomultiplier b' the aid of a little glass
plate smPitching very sharply fror. one side to another qith a
frequency ) <X w .So we can add or subtract the signals r-:rT, two
wings of the profile.

By summing ana subtracting the signals we can totally

separate Stokes parameters and measure them simultaneously if the

they are symmetric relative to the center of the spectral line:

Iw# = Jx(A" Qo sin2O sin6,
12c>=J2(A)Qo-(cos2' sin27+ sin2V cos23 cos6), .lI.)

lý- =Ji(A) Vo cos6,
Izc- = J2(A) Vo cos 21P sin6
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If we chose 6=n/2, then

lu+=Ji(A)Qo sin2f ,
I2u>)=J2(A)Qo cos2t sin 24, (1.7)
IVa- =J2(A)Vo cosp.

When we take A=2,40, then Jo/A/=O, Ji(A)=0,53, Jz(A)=0,42 and by
P=30 ,we have

lu>* =0,53 Qo sin21,
II2a=O,3Z6 tQo cos2t, 'Z3
12W-=0,21 V0.

The calculation of magnetic field parameters has been based on
unno theory in the assumption of true absorption for a
Milne-Eddington solar photosphere model(Unno,1956). We use the
line FeI X 5250.2 A. The sensitivity of longitudinal component
measurement is about 5 6, of transversal compcnent 100-15C G. The
instrument has only one photomultiplier and that's why we daort
have any difficulties connected with the mutual nonstability of
detectors. The main drawback of this scheme is the danger of the
cross talk between the signals corresponding to the different
Stokes parameters. This cross talk will be inevitable i4 the
parameters V and C are asymmetric relative to the line center.The
problem of asymmetry and its influence on the results obtained by
proposed scheme should be carefully investigated.We also do not
consider here the calibration problem.

2.The method of measuring the center of gravity
displacement by integral spectrometer (tachometer).

Recentl' some instruments for measuring eelccity and magnetic
field tased on interferometric principles r, ave been zevelcpeo
tBec*;ers and Prown,197e;Brown,1981;Evans,1981) We want to describe

shortly the instrument that is now in operation on solar tc.r
telescope in !ZMIRAN.

First of all we want to give a short account of the idea of
the method.The interferogram of quasimonochromatic radiation can
be descrLbec using the conceptior -f amplituoe Atd; _- -- ÷ l'•=)
where a- P_•.=.--tength c- tl.e rays (G.rsky,i~ogsvat. ,:And
Letecev,1979; DiacovsI::y, kogevatoi,and Stepanjan,1986&.

lhd)= A(dY cos &(d). (2.1)

The single-valuedness of this relation is provided by additional
relations between *(d) and Atd):

(d 12 12 ]1/2
A(d)= I I (d)+1gid)]

S=arctgI __CO - -91 (d) ' •"•

where Ig(d)= - - -- dt -Gilbert conjugate.

We can e:tpand A(d) and "(d)in degrees of d
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In A(d) = d d d ------ Xz---- +X4 ' "-"• +...+ Xzni----z' (-1)z

W 2! 4 2.
(2. 3

4'(d) =Xt d -X3 1 +...+ Xzn-i d 2n- (-1)M-
3' (ZrM-i) I

where X Xn ] are the semi-irnvariants or cumulants of intensity
spectrum and W is the area of the line profile ki.e.tne equivalent
width of the line ). The first semi-invariants coincide with the
first central moments and have simple geometrical seise

J" I l'".o); dx.
X= J x );- center of gravity for I(-:),

.rI (x) (x--x:' 2dxte dt-X,= I-v- X- d tte width• c+ 1_;,.:-ý W

f I (x) (x-xi) sdx:
- asymmetry of I )

X - e:cess.

For the Gaussian profile the function I(x) is determinated by Xi
and X2 totally. The next semi-invariants describe the distinction
of the real profile relative to the Gassslan, and if it is small
the expansion diminishes very quickly.

As seei, from the above expressions, the contrIbution of
seml-invar;ants of different r-.;mbers to the amplitude and phtase of
the iniierferogram depends strongly on the patr-:aengt. cifference c
If d is small enough, the amplitude o4 the interterogram depends
only on the equivalent wirdth, W, whereas the pnase depends only on
the position of the "gravity center" of the I ne profile .7i
W and X1 are determinate from the amplit, .e anc phase ot the
interferogram at d:,ý.I (d=i corresponds to value k/ ./ - and for the
p-h.,ctspher=: li-nes us-ua!,= equal to 4C'OC OO _ can proceed ts.
per-form measurements at larger values c,- d and determine the
width, Xz and asymmetry, X3 , of the line. These four parameters
can be obtained simu ltaneOL.• ', by usin; two Michelson
interferometers with adequately selected path-lengtri differences,
di and dz .

But it is easier to measure the first 4 sem -Ir.vari ants by
tr-e aid of a single Fab:.-Perot interferometer wnicn realize-
simuW taneousl y an e4.-. Idistant series of the path-length
differences do, 2do , 3ao ,... The ampl:tude and phase shifts of
interferograms corresponding to different values of a can be
measured with the aid of a single interferometer by sawtcct-
modulation of the distance between the mirrors by about k/2 at
time interval To . Then the output detector will yield the current
con-_;ining a number of harmonics at frequencies multiple of fo
= I/To . The signal at frequency fo will have the ampiitude and
the phase corresponding to the path-length difference do whereas
the signals at 2fo, 3fo,. etc will correspond to the path-length
differences 2de, 3do , etc. However, it should be noted that the
line area and the first three semi-invariants (XI, Xz , X3 ) are
of particular interest. Therefore the reflection coefficients of
the mirrors should be calculated in such a way that the major
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part of the light energy were spent to form the first harmonics
of the output signal of the interferometer. In the case of
measuring the shift of the spectral line gravity center the first
harmonic reaches its maximum at the reflection coefficient of
about 45 % The path-length difference d was choosen equal to 7,11
mm,and the spectral line we use is Xo=5576 A.

.This method has been suggested and realized in Radiophysioal
institute ,Gorky.The instrument was installed on the Tower Solar
Telescope of IZMIRAN in 1990 and it is iperated now
simultaneously with the vector-magnetograph (fig.3.

II

fig.3.Structure. scheme of the optical-mechanical bloci.: of
Fabri-Perot T archometer. 1-interferometer Fabri-Perot,2-slit
diapnraom,3-mirror,4-the source _f reference radiaticn(laser'
5-wide-field optics,6-objective,7-diaphragm,8-Iight
divider,9-block of multipliers.

New instrument installed in place of the tachometer zasec on the
twc-ray "izheison interferometer =:n-,E that had teen usea on
IZMIRAN Solar Tower Telescope during some years for tný maurn
the vei3cit, fielos ir. the Hcx- filament neign;oring losnpa ana

The Fel 5576 line is ý.nown to nave tne Lance factar- eqLai to
zero, wnih makes the radial .-eiocities mcasurec in this line
less burdened with errors, especially when the magnetic field
nonuniform. The line is isolated with tie aiO of a diffraction
spectrograph, which naturall; decreases the potentrli eificien7o
of the instrument. On the other nano, tme .se of spectrograph
makes the selection o+ lines easier than with the other cgoi:
filters.

In oroer to refer measurements to the frequency stardaroc
that are much more stable than tne length otarda-ds, t c •: s: on
of a frequency-stabilized lazer is directed tc the interfer-El'
together •°ith the X 5576 line emiszion. The lazer emission from
tnree points of the 40 i) aperture cf the interferometer is
detected by separate photodetectors.The pnase shift L,: the lazer
emission is used to continuously correct the position of the
mirrors with the aid of three piezoceramic elements. it is easy
to show that the phase stavilization in the standard emnssio.,
interferogram is equivalent to replacing the length standard (a )
by the frequency standard L, of the stabilized laZer (Kogevatz. and
Cheragin,1983). The frequency stability of the :azer is '5 10
which in principle enables the Doppler shifts corresponding to the
radial velocity of about 1.5 m/s to be measured. However, this
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is possible only if the optical paths of the solar and lazer
emissions in the interferometer are absolutely identical. In fact,
owing to inevitable deformation of the elements,we did not manage
to get the proper instability of the instrument in the frequency
band of 0-1 Hz lower than 5 m15. Notwithstanding, we are satisfied
with the stability obtained, since the errors in the above
frequency range depending on the guiding precision, the image
tremor at the input slit of the spectrograph, ae well as
pnotonoise are usually much higher.The real sensitivity of the
instrument is about 2,' m/s. Now we plan to measure with thi-
instrument not only the Doppler velocity but also the longitudinal
magnetic field by using an additional electrooptical modulaticn.
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ABSTRACT

This paper contains a discussion of recent results with the Marshall Space Flight Center's (MSFC)
filter vector magnetograph and the co-aligned Ha telescope. This report emphasizes total vector magnetic
measurements and the co-spatial, co-temporal Ha observations. The observations reported include magnetic
shear data along the neutral inversion line, vector field measurements below prominences, and vector mag-
netic field measurements associated with flares and surge activity. The importance of a large field of view
and high polarimetric sensitivity in solar vector magnetic field measurements is also discussed.

L INTRODUCTION

The capabilities of the MSFC vector magnetograph have been extended by the addition of a co-aligned
Ha telescope. The magnetograph, itself, consists of a symmetric 30-cm Cassegrain system which has a field
of view of 6 by 6 arcmin giving an effective pixel size of 2.8 by 2.8 arcsec with 2 by 2 binning for the CCD
(Hagyard et al. 1982; Hagyard, Cumings, and West 1985). The iron line Fe! 5250.2 is selected by a Zeiss
birefringent filter (AA = 0.125A). The polarimetry uses KD*P electro-optical modulators in conjunction
with the sheet polarizers in the Zeiss filter (West 1985). The resulting magnetic field sensitivities are B1 2e 5
and B? - 125 G with a temporal cadence of 5 min. The Zeiss filter can be tuned ±8 A about the Fe I 5250.2
line. This allows the three Fe I lines at 5247.0 (g=2.0, ep=0.09), 5250.2 (g=3.0, ep=0.12), and .5250.6 (g= 1 ,
ep=2.20) to be selected for performing flux tube analysis (cf. Solanki, Keller, and Stenflo 1987), which is just
beginning to be performed. The work to date has concentrated on the Fe ! 5250.2 line and the information
it contains on the nonpotential field configuration. The magnetograph was developed in the early 1970's
and has been operating since 1979 supporting Solar Maximum Mission, Spacelab, rocket experiments, and
joint ground base observations. Some recent results of the MSFC magnetograph are contained herein which
reflect the important addition of a Ha telescope.

The Ha telescope was added to the magnetograph in 1989. It was the engineering-backup model of the
Skylab ATM Ha 1 telescope. The system is a 17-cm Cassegrain which feeds a Fabry-Perot spectral filter
with a 0.7 A bandpass (Markey and Austin 1977). The medium bandpass was selected for Skylab's pointing
requirements which needed the sunspots to be resolved for positioning information. Updated with a CCD
camera system, the Ha system gives co-spatial, co-temporal images of chromospheric activity. With the Ha
telescope coaligned, the MSFC magnetograph has been observing > 30% of the days since the last quarter
of 1989.

The astrophysical investigation of the solar magnetic active regions, especially magnetic shear at flare
sites, is a major capability of the magnetograph. Much of the MSFC research has been on the magnetic
configuration of the preflare state of the nonpotential fields. The investigations that have been carried out
include magnetic morphology studies (Hagyard, West, and Cumings 1977; Hagyard and Teuber 1978; Patty
1981; Schmahl cf at. 1982, Patty and Hagyard 1986; Neidig cf al. 1986; Hagyard cf al. 1986; Machado
et at 1988), magnetic shear programs (Hagyard ct al. 1984; Hagyard, Moore, and Emslie 1984; Hagyard
1984, 1987, 1990; Hagyard and Rabin 1986; Moore, Hagyard, and Davis 1987; Hagyard and Smith 1988;
Venkatakrishnan, Hagyard, and Hathaway 1989), vertical electric fields, Jz, studies (Krall el al. 1982;
deLoach et al. 1984; Hagyard, West, and Smith 1985; Ding ef al. 1985, 1987; Haisch et al. 1986; Lin and
Gaizauskas 1987; Hagyard 1988), nonpotential analysis of active region (Strong cf al. 1984a.b6 Machado
cf al. 1986; Gary c at. 1987; Gary 1989; Haryard, Venkatakrishnan, and Smith 1990); magnetic field
submergence/emergence analysis (Rabin, Moore, and Hagyard 1984, 1985), canopy study ( Adams cf al.
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1990), magnetic energy evaluation (Machado and Moore 1986; Gary et al. 1987), coronal field extrapolations
(Teuber, Tandberg-Hanssen, and Hagyard 1977; Hagyard et at. 1981, 1983, 1985; Henze et at. 1982; Chiuderi
Drago, Alissandrakis, and Hagyard 1987; Haisch et al. 1988); full line spectral analysis (Balasubramaniam
and West 1990), and magneto-optical effects (West and Hagyard 1983). We present here only recent results
with the MSFC vector magnetograph.

II. SHEARED MAGNETIC FIELD

The relation of sheared magnetic fields to the degree of nonpotentiality of magnetic fields continue to
play a major role in the analysis of MSFC magnetograms. The phenomenological parameter of magnetic
"shear" is defined as the angular difference (_A%,) between the angle of the observed transverse magnetic field
(i.e., the direction of linear polarization) and the angle of the potential transverse field calculated from the
line-of-sight (longitudinal) magnetic field (Ilagyard et al. 1984; Hagyard, Venkatarisknan, and Smith 1990)
This is referenced along the longitudinal neutral line. This is a direct measure of the nonpotentiality of
the magnetic field. Figure 1 illustrates in what manner the electric currents in the solar atmosphere induce
"shear" in the observed photospheric field along the neutral line.

Analysis of shear mapped along the neutral line and correlated with flares has resulted in suggested
"threshold" values for the shear (AO) of-; 80* along the interval of the neutral line where the transverse field
is strongest (> I(Bt)...) (Hagyard, Venkatakrishnan, and Smith 1990). The total length of this sheared
region is important in determining the A1 threshold value for a flare (Hagyard 1990). A summary of a shear
analysis for a number of active regions is given in Table I where the total length of the shear region along
the neutral line is > 10' km. Quick assessment of the active region sheared field is now routinely done with
computer codes which allows maps of magnetic shear to be generated at the time of the observations using
an online MicroVax 3500 and an array processor.

Potentiul Field (No Currents) Coronat Currents Impulsive Phase of Ftare

No Free Energy Free Energy Avalable Free Energy Released

+ BE_1tB

NeutralNeutral
iNeutal Line

I P

Fig.-I. Mlustration of anguliar magnetic shear, A0, and its role as. a fiare precursor. Atmospheric electric

currents, J, build up, producing a change in the direction of the transverse field vectors along the neutral line. The
free energy that is then contained in the magnetic field is released when the shear angle is large. The circular insert
shows the transverse field direction of a shear field (S) with the corresponding potential field direction (P) along the

neutral fine (N.L.). When A0 2! 80 there is a high probability of a flare at this site.

Analysis of shear for the recent flare of 1989 October 15 is shown in Figure 2. The image f'rom the H-ac
telescope is shown in Figure 2b with the neutral line. The shear mapped along the neutral line shows where
the shear "threshold" values (p u 's) are exceeded and at this position the flare straddles the neutral line.
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Fig. 2.-MSFC shear map (a) and Ha lare image (6). Active region AR 5740 observed on 1989 October 15. In
Figure 2a the main neutral line is shown as a bold line on the contours of the line-of-sight magnetic field. Areas along
the magnetic neutral '.ae where the magnetic field is strongly sonpotential are marked by G* the flare emission
brackets this area of the neutral line.
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The large shear is a flare precursor because a nonpotential configuration is necessary for a pre-flare
state. We believe that a further detailed analysis of the "threshold" values of the shear will lead to a better
understanding of the conditions necessary for a flare.

TABLE 1. Summary of Nonpotential Characteristics at Flare Sites

No. pixels
Maximum with A0 > 700 Flare

Date AR A_ B& and BT 2_ ŽBF class

April 1980 2372 850 1005 G 8 IB/X2
1B/M4

Nov. 1980 2776 880 1035 G 8 1B/M2
1B/M4

April 1984 4474 900 1725 G 15 3B/X13
Feb. 1986 4711 90g 1105 G 11 1B/M2
Oct. 1989 5740 90g 700 G 7 1N/M1
Nov. 1989 5776 880 870 G 10 IB/M9
Feb. 1990 5947 890 700 G 9 SF/C4

M. FILAMENT FIELDS AND COALIGNED IMAGES

The importance of having coaligned co-temporal vector magnetograrn and Ha ("chromospheric mag-
netograms") is borne out from the observations of a filament on 1990 June 12. Shown in Figure 3 are the
MSFC magnetographic and Ha observations at f 1630 UT, at the end of a C1 sub-flare which started at
1522 UT. The analysis shows the configuration of the Ha filament going hand ,n hand with the magnetic
structure of this active regior. N portion (A) of the filamentary feature was observed to run parallel to the
measured transverse field. The transverse field is dominated by the normal field component and hence shows
the distinctive limb directed orientation. The region is centered around N54 E79. Further analysis of the
sheared region (A) using heliographic transformations (Gary and Hagyard 1990) is needed due to the large
distance from disk center, but coaligned Ha images do allow analysis of magnetic field associated filaments.
The Ha images, in general, provide the location and the means to establish magnetic fields of features not
seen in the magnetograph intensity maps.

The phenomena associated with flare and pre-flare activity must be studied, under a synergistic ap-
proach, for it is clear there are a multitude of interacting areas of research (e.g., sunspot morphology,
current-carrying field topology, evolution of emerging fields, kinematics of photospheric bulk motion, pre-
flare heating, and flux tube interaction). Ha imagery has added greatly to the MSFC magnetograph opera-
tion studying such interconnecting phenomena by providing locations of Ha features and analysis of various
phenomena, such as the surge analysis given in the next section.

IV. FIELDS ASSOCIATED VWITH AN Ha SURGE

A sub-flare and associated surge of AR 6100 on 1990 June 13 was observed with the Ha telescope. A
series of Ha observations on June 13 are shown in Figure 4c: 1514 UT (A), 1636 UT (B), 1638 UT (C),
1643 UT (D), 1640 UT (E), and 2033 UT (F). A sub-flare occurred at 1636 UT and the associated surge was
observed at 1643 UT. An analysis of the associated magnetograms is being performed. The photospheric
magnetic field associated with the surge changed from June 12 to June 13. The enlargements of the transverse
field (Figs. 4a and 44) show a change from a nearly potential field to a strongly nonpotential field with the
shear on the neutral line AO m 90". While the reconfiguration was rather subtle, its coincidence with the
dynamic events that took place has stimulated further analysis of this event. This particular event proves
the importance of coaligned Ha images and the increase desire to improve the polarimetric resolution of
existing magnetographs.

The expected uncertainties for the transverse field strength 6Bt and for the azimuth of the transverse
field 64 are given by :

6B, =- iB(B'lB,) and 60 = i (a1la
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where B? is the instrumental sensitivity (Hagyard, Gary, and West 1988). Hence. for Bt - 150 G. the
uncertainties are 6Bt = 52 G and So = 200. Hence, this nonpotential field reconfiguration can be recognized
above noise level of the background field. However, improvements in the sensitivity of the magnetograph are
needed to detect small changes in the field.

V. CONCLUDING REMARKS

The polarimetric resolution, discussed above, and the general results of the magnetograph depend on
the photometric conversion method. The functional relationships between the corrected bandpass integrated
fractional polarizations (Pv, PQ) and the magnetic field components (BI, Bt) can be derived using the solu-
tions of Kjeldseth Moe (1968) to the radiative equations in the weak field approximation. In the linear form
these are given by:

B1 = cikPv and Bt = c 2[kPQ]11 2 , where Pv = Vr=o/7I=o and PQ = Q,=0/i,=o,

where the constants cl and C2 are dependent on thi solar atmospheric models used. The bar over the
Stokes parameters I, U, and V indicates the average over the filter profile with r = 0 indicating the exiting
state of polarization for the solar atmosphere. The detailed nonlinear results using the Kjeldseth-Moe
analysis can be found in Hagyard, Gary, and West (1988). The k-factor is a correction factor for internal
instrumental depolarization and corrects for the difference between the MSFC field magnitude and the Mount
Wilson sunspot data. The MSFC correlation between the polarimetric values and the derived magnetic field
measurements currently uses the nonlinear equations. However, model-independent conversion relations can
be derived using the filter magnetograph in a Stokes mode of operation (Balasubramaniam and West 1990;
Balasubramaniam, Hagyard, and West 1990).

These linear conversion relations given above also show what is to be expected from the polarimetry
of a space-borne magnetograph. Using the West polarimeter design (West 1985), the degree of polarization
can improved from the 10-3 range for ground-based observation to 10-4 range or below for space-borne
instruments. For typical values of cL, c2 , and k (4500, 3300, and 4), the space-borne instrument can improve
the magnetic field resolution from 5 and 125 G, for the longitudinal and transverse fields, respectively, to
0.2 and 15 G for a space-borne magnetograph. In addition to the high-polarimetric accuracy, a uwzde field
of view (e.g., 4x8 arcmin) is necessary in order to: (1) calculate the total energy, (2) determine total field
and topology, (3) capture the flare sites and associated activity, (4) measure total flux change in the active
region, and (5) delete the problem of rastering a number of smaller fields of view. The need for a wide field
of view is often overlooked in considering a space-borne magnetograph (Hagyard, Gary and West 1988).
An instrument needs at least a 4x8 arcmin field of view to contain 90% of all bipolar active regions (Tang,
Howard, and Adkins 1984). A large field of view is critical for research programs, such as the one presented
above, where the total active region or a large prominence needs to be studied.
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VECTOR MAGNETOGRAPHY

David M. Rust and John W. O'Byrne*

The Johns Hopkins University Applied Physics Laboratory
Laurel, Maryland 20723

Summary: Development of the JHU/APL vector magnetograph (VMG) at the National Solar
Observatory gives insight into the advantages and drawbacks of trying to infer solar active region magnetic
fields from filtergram measurements with 0.8 - 3.0 arcsec spatial resolution, several-minute temporal
resolution and 120 - 180 mA spectral resolution. The use of a narrow-band filter and the weak-field
approximation (WFA) of the Stokes profiles gives good temporal and spatial data on magnetic fields, but
sacrifices information on the thermodynamic parameters. A model of the VMG's response in the wings of
the Ca I line at 6122 A shows that the range of validity of the WFA can be extended to 4000 G. It also
shows that the response of the VMG is insensitive to the Doppler shifts due to the motions (< I km/s)
exhibited by most solar features. The role of vector magnetography with a narrow-band filter in flare
research is emphasized and several examples of early observations with the VMG are given.

1. Introduction

To understand the origins of solar flares in magnetic fields is one of the most difficult challenges in
astrophysics today. Although a great deal of progress was made during the past decade in characterizing
flare emissions and emission processes (e.g., Chupp, 1990), almost no progress was made towards
understanding the association between flares and magnetic fields. That flares draw their energy from
magnetic fields has been known for about half a century. There is no other plausible energy source. That
some sort of explosive instability is involved is widely accepted. It has been the impetus for a substantial
body of theoretical work (Priest, 1981). But, observations with the spatial and temporal resolution and the
polarization sensitivity needed to bring new insight into flare research have rarely been obtained. The
basic problem was dramatically limned by Harvey (1985) at the last major polarimetry workshop. His list
of requirements for ideal Zeeman-effect observations is shown in Table 1. The production of such
observations will require a meter-class telescope, 0.05 arcsec spatial samples, 20 mA spectral resolution, a
10-s frame rate, and at least a Gigabyte/s data rate.

Existing vector magnetographs fall far short of the ideal since they rely on 0.25 m telescopes, 0.5 -
5.0 arcsec spatial samples, 120 - 250 mA spectral resolution and 20 s - 1000 s frame rates. Nevertheless,
sufficiently promising results have been obtained with such instruments, by the Huntsville group in
particular, that new magnetographs are under construction in Hawaii, Beijing, and Huntsville, and a new
vector magnetograph has just been installed here at Sacramento Peak. The new instruments, as well as
established instruments in Okayama, Irkutsk, Huntsville, and Big Bear Lake aim to man vector fields on
time scales appropriate for flare research, hence they all attempt vector magnetography, the art of learning
important physics from imperfect measurements. This is to be distinguished from Stokes polarimetry,
which is characterized by an emphasis on high spectral and polarimetric precision and by the use of a
spectrograph rather than a filter for spectral discrimination. There is generally a sacrifice of spatial and

* Present address: School of Physics, University of Sydney, N. S. W. 2006, Australia
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temporal resolution in Stokes polarimetry compared to vector magnetography, where spatial resolution of
0.5 arcsec can possibly be realized and where the temporal resolution over a field of view large eaough for
effective flare research may approach Harvey's 10-s ideal. Not until a meter-class telescope is flown in
space or under a balloon will a vector magnetograph simultaneously achieve 0.1-arcsec spatial resolution
with a 10-s frame rate, although the proposed Large Earth-Based Solar Telescope (Stenflo, 1989) and the
THEMIS (Mein, 1989) telescope on the Canary Islands will represent major advances toward the goals of
Table 1.

Table 1. Requirements for observation of I(z,yX,t). ...

Parameter Element Ratio- ale Number Rationale Implication
Angular 0.05 arc sec scale height 4000x3000 cover an >1m aperture

(z,y) in photosphere active region telescope

Spectral 0.02X 0 resolve 20 per line cover a large
(X) 6000A spectral X line waveleng-th

structure 6 lines cover a range
height spectrometer
range

Temporal 10 sec sound travel I resolve high
(t) time across oscillations data

Ax or Ay and activity rate
of active

region

Sensitivity -- 10.4 define -104 adequate very
for I, B or dynamic high

Q/I, U/I, V/I a,•quately 2 bytes range data
I__rate

At The Johns Hopkins University, our objective is to try to infer enough information from vector
magnetograms at 1 - 3 arcsec resolution to give useful physical insight into the structure and evolution of
the magnetic fields in active regions. Flux emergence, flux cancellation and regions with sheared magnetic
fields need to be better understood if we are to make any progress in understanding solar flares. A central
problem is how to identify the build-up of energy in an active region. Are sheared magnetic fields the
reservoirs of flare energy? And how are strong horizontal fields outside a normal penumbra to be
understood? Vector magnetograph observations should help answer these questions, even though the
available instruments do not have sufficient spatial resolution to resolve the finest solar magnetic features.

Early detection of the structure of emerging or stressed magnetic fields might give several hours
notice of a major flare and great insight into its physical nature. The new vector magnetographs are all to
be located at sites with plenty of clear weather, although variable and sometimes quite poor seeing
conditions will remain r problem. Long runs with a vector magnetograph can be used to try to locate
stored magnetic energy in active regions before and after a flare. This has been attempted in a few cases,
with considerable uncertainties (e.g., Rust and Bar, 1973; Tanaka and Nakagawa, 1973; Rust, Nakagawa
and Neupert, 1975; Krall etal., 1982; Sakurai, 1987; Yang, Hong and Ding, 1988). In most published
studies, only line-of-sight photospheric magnetic field data were available. Now, the accuracy of basic
magnetic energy accounting can be increased by including the transverse field components.
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Figure 1. The APL Solar Vector Magnetograph on the spar inl the Hilltop Dome, Sacramento Peak Observatory, SUnspot
New Mexico. The upper part is the evacuated 25-cm Cassegrain telescope. The lower part is the magnetograph optics
housing.

In this paper, we describe the JHU/APL vector magnetograph, including the calibration technique,
and then discuss how the data can be interpreted in physical terms and how some of the limitations
traditionally associated with vector magnetography can be overcome. Finally, observations of two active
regions are discussed.
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2. Instrumentation

The JHU/APL vector magnetograph (VMG), shown in Figure I, is installed in the Hilltop Dome at
the National Solar Observatory at Sacramento Peak, for the joint use of APL, Air Force Geophysics Lab
and National Solar Observatory staff. First light was achieved in May, 1989, and the VMG began
production of vector magnetograms in October. The instrument was described in detail at the Tenth
Sacramento Peak Workshop (Rust and O'Byrne, 1989).

3. Polarization Measurement Technique

In order (o achieve useful sensitivity in a vector magnetograph. instrumental polarization should be
below 10-3 or even 10-4. In the APL/JHU instrument, polarization-producing reflections are avoided by
using a straight-through optical train from the telescope, which is a 25-cm Ritchey-Cr6tien reflector.
Because of the radial symmetry of the telescope and the small, 2.4 x 3.6 arcmin, field of view, polarization
aberration should be less than 10-3. Measurements are planned to establish the actual level of polarization
aberration.

The polarization analyzer itself (Figure 2) was designed to eliminate crosstalk between the
relatively strong line-of-sight magnetic field signal, which is encoded in circularly polarized light, and the
much weaker transverse field signal, encoded in the linearly polarized component. The major potential
source of circular-to-linear crosstalk is avoided by removing the quarterwave plate from the beam when the
linear measurements are made. The linear measurements are made with a Glan-Taylor prism, whose
polarization purity is better than 105:1. It has no residual retardation. However, the prism causes - 2
arcmin of beam deviation, which could produce spurious polarization signals. Two optical wedges, mated
to the prism as shown in Figure 2, reduce the beam deviation to < 2 arcsec. The image motion
compensator described below removes this residual deviation. A second quarterwave plate converts the
beam polarization state

Quarter-wave
plate w Rotates as a untt

Polarizing Wedge Quarter-wave
prism prisms plate

Rejected

polarization

Figure 2. VMG polarization analyzer assembly. The window moves into the beam for linear polarization measurements;
the first quarter-wave plate replaces it in the beam for circular polarization measurements.

to circular. This step minimizes i,,tensity variations at the down-stream folding mirrors when the prism
rotates The time required to change tde prism angle is -300 ms. The prism zero is automatically checked
and reset, if necessary, to within 0.30 of the waveplate optic axis at the beginning of each observing
session. An error in prism orientation even of this small degree would produce a serious error in the linear
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polarization measurements due to crosstalk from the circular component if the quarterwave plate were
simply rotated and not removed from the beam for the linear measurements.

Vector magnetic fields are derived from images obtained at six sequential settings of the prism and
Saveplate: 00, 900, 450 and 1350, with the waveplate out, and 00 and 900, with the waveplate in. Thus,
twe images correspond to measurements of I + Q, I - Q, I + U, I - U, I + V and I - V. They are
obtained at a rate of about 30 images/min. Up to 50 six-image sequences are taken for each vector
magnetogram. The scheme has the disadvantage that the seeing will vary from image to image, and in the
VMG, one may expect some crosstalk into Q, U, and V from 1. Estimating the effect of the crosstalk is
difficult because it depends on the spatial gradients in I and on the quality of the seeing. No detailed study
of the tolerable levels of crosstalk in filter magnetograms has been undertaken, and the approach used in
practice is to examine successive magnetograms for consistency. Seeing effects could be alleviated by use
of a beamsplitter (e.g., Rust and Keil, 1991; Lites and Skumanich, 1989) or by a fast modulation
technique such as the one described by Povel (1991), or by observing from a platform outside the
atmosphere. These alternatives have yet to be implemented in vector magnetography.

The deleterious effects of poor seeing can be further alleviated with the image motion compensator
(IMC) described by Strohbehn (1990). The [MC in the VMG stores a 32 x 32-pixel image from a 6-arcsec
segment of a reference image, and each subsequent image is cross-correlated against it. An offset is thus
established for each image. Offsets may be due to seeing, prism rotation, or tracking errors. The [MC
tilts a relay mirror as necessary to remove each offset. The bandwidth of the [MC is - 80 Hz, which is
sufficient to remove most translational motion. Of course, defocus and scintillation will still degrade the
images. Our IMC is derived from the fast Fourier transform IMC developed recently at the National Solar
Observatory (Rimmele and von der Ltihe, 1989).

4. Spectral Selection Technique

In order to provide the VMG with a large-aperture, narrow-band filter that can eventually be used
in a balloon-borne instrument or in space, JHU/APL and the Division of Applied Physics at the
Commonwealth Scientific and Industrial Research Organization (CSIRO) in Australia developed a lithium
niobate (LiNbO 3 ) Fabry-Perot etalon (Burton, Leistner and Rust, 1987). It has a spectral bandwidth of
167 mA and 50% peak transmission. The etalon is made from a 75-mm diameter wafer of crystalline, Z-
cut lithium niobate polished to a thickness of 220 g.tm and 1/4 0 0 th wave rms flatness. The finesse, i.e.,
the ratio of free spectral range to passband width, is 21, and the contrast between transm-ssion at the peak
and at the minima between peaks is 180. Dielectric coatings on the surfaces are 93% reflecting over a
6000 - 8000 A band. Figure 3 shows the comb profile of the etalon.

60 F a I I I ' '""I

50 1
40 F ,30 -1

10] 1

6115 6120 6125 6130
Wavetengh A

Figure 3. Comb spectrum of the Fabry-Perot etalon. For clarity, the etalon and the blocker (dashed line) are drawn as
though tuned - 2 A redward of the Ca I line at 6122.2 A. Peak transmission of the etalon is 50%; peak transmission of the
1.1 A blocker is 7%. (A 28% trunsmitting blocker was installed recently.)
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Figure 4. (a) Comparison of 6122 A line profiles after passage through the 0.17 A F-P filter and a 3.5-A blocking filter;
(b) profile with the 1.1 A cleaved mica blocker as predicted and measured, and (c) expected profile with two lithium niobate
filters in series with a 2.5 A blocker.

The refractive index of lithium niobate changes upon application of an electric field. Thus, voltage
applied across a conductive indium tin oxide layer on the etalon faces will change the optical length of the
resonant cavity and allow passband tuning. The tuning constant is 0.4 mA/volt. The thermal tuning
constant is 32 mAi °C. The temperature of the etalon in the VMG is controlled to within + 0.10 C, and the
voltage is controlled to < 1 volt, so the tuned, relative passband wavelength is known to + 4 mA. VMG
measurements are not sensitive to < + 20 mA errors in placement of the passband (Sect. 5).

While the etalon has performed well, we had considerable difficulty finding a filter to block the
unwanted Fabry-Perot orders. The best commercial thin-film blockers have too broad a profile at full
aperture to suppress the adjacent passbands, which are at + 3.25 A. The VMG now incorporates a 1 A
Daystar.m mica etalon. Figure 4(a) shows the washed-out profile of the magnetically-sensitive Ca I line at
6122.2 A (Landi g factor = 1.75) before we replaced a 3.5 A thin-film blocker by the mica etalon. Figure
4(b) shows the profile in the instrument as now configured.

Eventually, we hope to further improve the definition of the profile by using two LiNbO3 etalons.
Hernandez (1986) predicts that two nearly identical etalons operated in series will have a combined
passband 38% narrower than that for one etalon. Our preliminary measurements of two etalons in series
showed a passband reduction of 30%, i.e., to 120 mA. The predicted effect of using two etalons on the
Ca I line can be seen in Figure 4(c). We estimate the present sensitivity threshold of the VMG at 400
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Gauss for transverse fields and 60 G for longitudinal fields. The sensitivity should improve by a factor of
two when the two-etalon scheme is implemented.

5. Magnetographic Response

The output signal from a vector magnetograph is usually a series of measurements of the Stokes
polarization vectors at several wavelengths in an absorption line. In relating these measurements to the
magnetic fields on the Sun, one must consider how the line radiation is formed and how ideal
measurements are degraded by the limited spectral resolution of a filter magiletograph. Poor seeing also
degrades the measurements (Lites 1987).
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Dr. Bruce Lites provided Stokes input profiles (shown in Figures 5(a) and 5(b)), which were
computed for the Ca 1 6122 A line according to the Unno-Rachkovsky radiative transfer equations. Lites
assumed a Milne-Eddington atmosphere threaded by a constant magnetic field. Using Lites idealized
Stokes profiles and taking into account the VMG's spectral resolving power, A./A,, = 40000, and the fact
that the pixels may sample regions not uniformly filled with magnetic structures, we simulated the
expected response of the VMG. For an assumed filling factor of unity, we computed output Stokes
profiles for 1000 G and 3000 G fields. They are shown as Figures 6(a) and 6(b), respectively. At 1000
G the principal features of the input profiles are preserved by the VMG except that the Stokes U signal
fails to show the small central bump. Ideally, Stokes U should be zero in the example, but in Lites'
profiles there is a small U component which is due to Faraday rotation (Landolfi and Landi
Degl'Innocenti, 1982). The convolved profiles for a 3000 G field (Figure 6(b)) reproduce Stokes V very
poorly at line center, but the amplitude of the signal in the wings is proportional to the input amplitude. Q
and U are recorded in proportion to their amplitudes in the simulated input profiles, but details of the
Zeeman splitting in the I signal are washed out.

As a result of the simulations, we have not tried to extract magnetic field parameters from
measurements of the Stokes profiles at several wavelengths, e.g., by using a multi-parameter least-squares
fitting routine (Skumanich and Lites, 1987). Earlier, Lites and Skumanich (1985) concluded that
extraction of magnetic and thermodynamic parameters from filtergram observations with moderate spectral
resolution and with noise levels characteristic of the CCD used in the VMG could not be done reliably for
fields of less than 1000 G.

Jefferies, Lites and Skumanich (1989), following on the work of Ronan, Mickey and Orrall
(1987), showed that, for spectral lines with a Landd g-factor of - 2.5 and Doppler width of - 40 mA,
reliable values of strength and direction for magnetic fields up to - 1000 G can be obtained by integrating
the Stokes parameters over wavelergth:

B cos y={2~0)U

Bsin .--- 4AA0 1
s = v D(O)X(r7o,a) (2)

where B is the magnetic field intensity, which was assumed uniform with depth in the atmosphere, yis the
zenith angle, ,j. is the magnetic moment for the atomic transition, D(O) is the depth at line center in the

magnetic feature, V and Q are the integrals of the V and Q2 + U2 Stokes parameters, respectively, across
the line profile, and X( 0o,a) is a thermodynamic factor - 3, in most cases. Assuming that D(O) can be
measured or inferred from high resolution data, then the longitudinal field 8 cos yand transverse field B
sin y can be obtained using VMG measurements from at least three positions in the spectral line.

At first, we used the relations given above, but the measurements in the line center always gave
confusing results. This should have been expected because of the Faraday rotation and because the
etalon's passband is too wide to allow a clean separation between measurements in the line wings and in
the core, as the method of Jefferies Lites and Skumanich requires. We have since concentrated on
measuring I, Q, U and V in one line wing only.

We interpret our VMG measurements by appeal to the so-called weak field approximation
(WFA).Jefferies and Mickey (1990) recently put the use of the WFA on a firmer footing than heretofore in
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Figure 6. Simulated instrumental profiles, for the same field parameters as in Figure 5. The VMG spectral smoothing has
been taken into account. The indicated signal levels are much lower than in Figure 5 because the instrument transmission
losses were included, i.e., all values are referenced to the unfiltered solar continuum.

virtually all applications with sufficiently broad spectral lines. The "weak-field" approximation has in the
past been applied only when the ratio of the magnetic splitting AAB ( = YuAB) to the Doppler width AAD of
the spectral line is small. Jefferies and Mickey greatly extended the range of the WFA by carefully
examining the errors entailed in letting this ratio approach and even exceed unity. They concluded that the
range of validity for the WFA can be larger than previously thought, when magnetograph measurements
are made sufficiently far into the line wings. Hagyard et al. (1988) arrived at the same conclusion.



Vector Magnetography 83

Jefferies and Mickey (1990) showed that the relative errors in the inferred field parameters, B, y
and Z, will be small provided that measurements are made at least two Doppler widths from line center.
The limitations of this approach are that nothing can be learned about the thermodynamic state of the
atmosphere and that the "filling factor" f, which is the proportion of a resolution element permeated by
magnetic field, cannot be determined without additional assumptions or measurements in two or more
spectral lines. They also assumed negligible line weakening, and we have yet to establish whether this
assumption is valid for Ca 1 6122.

With the WFA, unwieldy differences and sums of Voigt profiles in expressions for the Stokes
profiles can be replaced by simple relations convenient for vector magnetography. Figure 7 shows the
relative error made in replacing the Stokes profile expressions developed in the Unno-Rachkovsky
radiative transfer analysis with the first terms in the respective Taylor series expansions. For a splitting
factor vb ( = ALAB /-AD) up to unity, Figure 7a shows that the relative error in determining V is less than
25% whenever V is measured at least two Doppler widths from line center. Figure 7b shows a similar
result for Q and U. In the case of the 6122 A line, for which AA.D = 116 mA, vb is less than unity for
magnetic fields < 3800 G, so we can apply the WFA to interpret all our measurements.

To calibrate the VMG, we use the simple relation,

V= /;B Cos,(fAL) dA (3)

where dJ1dA is the slope of the line at the offset position AAoff of the passband from line center. It is
obvious that V will always be largest where the slope is steepest, and therefore, we position the filter on
the blue wing of the line, which is steeper than the red wing.

In calibrating the VMG, we assume that the telescope and polarization analyzer introduce no
unwanted retardation or polarization. Eventually another series of measurements will be performed to
determine the polarization matrix of the telescope under operating conditions. Until then, we assume that
an accurate Stokes V calibration is obtained by application of a voltage 'Eca! to the etalon. (For the Ca I
line, (B cos O)cal (Gauss) = 13 Ecal, where Ecal is expressed in volts.)

In order to get (B cos r)measured from (B COS ')cal (Vmeasured /Vcal), the slope, dl/dA, of the
line should be the same for both calibration and observation. This means that the calibration should be
performed on the same solar scene as the observations. Thus, calibration and observation sequences are
interleaved on the VMG with no change in field of view. Because spectral line profiles vary from quiet
sun to plage to sunspot, data from vector magnetographs that calibrate with the lineshift signal from solar
rotation may not be reliable for quantitive studies.

The Huntsville group has taken another approach to calibration, relying on simulation of the
instrument response (Gary et at., 1987) coupled with an empirical correction factor determined by
comparison with the Mt. Wilson visual measurements. The correction factor is large (k = 8.1), and it
indicates how scattered light and poor seeing can significantly degrade vector magnetograph
measurements. We intend to compare our VMG results with visual field determinations with and without
the IMC operating to try to determine the degree to which the seeing effects are being removed by the
IMC.
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Figure 7. (a) Relative error Di in Stokes V measurements as a function of the offset of the filter profile from line center
and the splitting factor vb. (b) Relative error D2 in Stokes Q measurements.

Calibration of the Q and U signals is similar to the V calibration. According to Jefferies and
Mickey (1990), the Stokes Q vector is given in the WFA by where, again, AXoff is the offset of the

Q = (IA B sin 1 2 d- l" L o- )

filter passband from spectral line center and the azimuthal factor has been suppressed. As shown below,
Q is proportional to the square of a simulated Zeeman shift over a wide range, for appropriate choice of
AXoff. For calibration of the Q and U signals, then, one again introduces a passband shift in the etalon,

now to simulate the apparent shift I4XB sin y. The calibration of Q (and U) is done with the same A-off
and dI/dA as the nrrAsurements.
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Jefferies and Mickey are silent about the effect of spectral smearing, but it is clear in Figures 8b
and 9b that the VMG signals will be proportional to V and to Q2, respectively. The VMG response is the
convolution of the instrument profile P and the Stokes signal:

v,,as,,,d = P *v =u. B cos f P ( - X') (-d-dA'XJ Ida," (5)

Qn.easued = p *Q B(/ si B 2 s J - ) (
60- f X" •AX'of (6)
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Figure 8. (a) Response of the VMG to Stokes V as a function of filter offset Aoff and magnetic field. (b) Comparison
of response curves at values of A;Loff from 0.10 A to 0.22 A. The VMG is operated at dAoff = 0.18 A.

Figure 8a shows the VMG's expected Stokes V response to spectral shifts simulating magnetic
fields up to 4000 G for a range of Aoff. The simulation takes into account the smoothing effect of the
instrument profile. Figure 8b shows the response at selected values of Axoff It shows that the VMG
response is linear to 4000 G at AAoff = 0.2 A, but the slope of the response curve is about three times
steeper for fields under 2000 G when AAoff = 0.12 A. For higher fields, the response is not linear at this
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offset. The VMG response to weak fields is best at AXoff = 0.1 A, but this is less than one Doppler

width from line center, so we sacrifice sensitivity to stay in the range where the weak field approximation
is valid for most fields. We run with the filter passband offset from line center by 450 volts, i.e., A;Loff
= 0.18 A, which is about 1.5 Doppler linewidths.

Figure 8 shows that the response of the VMG is not very sensitive to AAoff. This has the

practical consequence that the mesurements are not strongly degraded by local Doppler shifts. For
example, a Doppler shift of 20 mA, which corresponds to a velocity of 1 krnrs, produces a 25% change in
V response and less than 10% change in the Q and U response.

Figure 9a shows a simulation of the VMG's overall Stokes Q response, and Figure 9b shows the

response at a few values of AAoff. The best response is obtained at AAOff = 0.22 A, where the

maximum slope represents a 1.35% change in intensity per 1000 G. This is - 7 times less than the Stokes
V response in the same range.
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6. Physical Interpretaion

In the above discussion, we have ignored any possible dilution of the signal due to a filling factor
f< 1. In reality, only a fractionf of the area sampled by each VMG pixel is filled with magnetic elements.
If all these elements were to be at different orientations and also were to display a wide range of magnetic
intensities, then there would be little hope of getting any physically meaningful data from a vector
magnetograph. However, by making two assumptions about the unresolved flux elements, one can
estimate the energy and direction of photospheric fields from vector magnetograph measurements.

From Ha observations, such as the one shown in Figure 10, one can reasonably surmise that the
scale of directional variations in the azimuth and zenith angles, X and y, is at least larger than the scale of
the VMG pixels. That is, even though there are probably many 0.1 arcsec or smaller flux elements
contributing to the signal at each pixel, it seems unlikely on the basis of the large-scale organization seen in
chromospheric fibrils that the unresolved elements are oriented in a random pattern. Therefore, in
interpreting the VMG signals we assume that X and y are the same for all flux elements within any given
pixel.

Another assumption about the fine-scale structure of the magnetic field is needed to obtain a
meaningful interpretation of VMG measurements. We assume that the field strength B is the same in all
flux elements, as suggested by the observations of Stenflo and Harvey (1985). These authors concluded
that, outside sunspots, B - 1100 G in each fluxtube. Then we may write, for the measured Stokes
parameters,

Q -f B2 sin2 y cos 2 X (7)

U -f B2 sin2 y sin 2Z (8)

V2 -f 2 B2 cos2 y (9)

so that the filling factorf drops out of the equation for X.

tan 2X = U/Q (IO)

It remains in the expression for r.

tan3 = 3f V of (11)

Equation (11) follows from Jefferies and Mickey, except that they misplace the filling factor in
their equations so that it would not appear at all in an expression for tan -I Instead, the effect of the factor
I/v/f on the value of B sin yderived from Q and U measurements is this: forf«<< I, y is near 900 for all
values of Q, U, and V. In order to remove this tendency for a vector magnetograph to overestimate the
strength of the transverse field relative to the longitudinal one, one must make an estimate off. One may
consider the context of the measurements. In sunspots, f = I is probably a good assumption. Outside
sunspots, the filling factor will depend on the effective aperture of the VMG, with seeing taken into
account. It is well known that the average value of B2 deduced from magnetograms increases when the



88 D. Ml. Rust and J. W ' O'Byrne

Figure 10. Active region NOAA 6063 recorded at the Big Bear Solar Observatory on 17 May 1990 with a lithium niobate
etalon tuned to Hc line center. The scale is 2.2 arcsccfmm. Note that the scale of the regions of approximately uniform field

direction, as outlined by the fibrils, is much greater than a VMG pixel.

seeing improves and this represents one of the most serious impediments to quantitative use of

magnetograms. We hope to find a way to use the error signals from the IMC as an index for the seeing,
which can then be used to remove this effect from magnetogram series.

Since V -f B cos y. which is the flux, it should be reasonably well-determined by VMG

measurements so long as the line profile in the unresolved flux elements is not too different from that in the

interstitial regions. Jefferies and Mickey (1990) concluded that expected profile variations will have little

effect on flux measurements.

The magnetic energy E in the layer of the atmosphere permeated by elements of field B and cross-

sectional area a is -N a B 1/8ir, where 1 is the thickness of the layer, N = A/a f, is the number of flux

elements each of area a in the projected area A of one pixel. Using the estimated value off, one can make

an estimate for E. Although we haven't tried carrying this through yet, the above analysis shows that

virtually all the physically meaningful quantities relating to the magnetic field may be estimated from VMG

observations.
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7. Observations

Reduction and analysis of VMG observations is still in a preliminary state. Figure I I shows an
example of the earliest VMG data, a photographic representation of longitudinal and transverse

. . .. . . . . .. . ... .. ,., .. #

Figure 11. Early data from the VMG showing NOAA region 5783 on November 9,1989. The photo shows the fields with
the scale enlarged so that a slash representing the transverse field direction can be drawn for each 0.4-arcsec pixel.

components of the magnetic fields in the leading spot of a large act-ve region, NOAA 5783, which was
near the center of the disk on November 9, 1989, The figure shows an enlarged section, 32 x 20 arcsec,
of the whole 3.6 x 2.4 arcmin VMG field of view. The longitudinal magnetic component is represented by
the usual gray scale, where white represents positive polarity and black represents negative polarity. The
transverse field component is represented by short slashes, each one drawn at a 0.4-arcsec pixel. The
slashes here are quite consistent from pixel to pixel, but some of this consistency must be due to the fact
that the image definition was worse than one pixel, the observations having been obtained in - 4 arcsec
seeing and without the benefit of the IMC.

The resolution of the magnetograms is still not up to the quality that we think can be achieved. We
expect substantial improvement in image definition with routine operation of the 1MC, which was brought
on-line only recently. Image quality at the Hilltop Dome is frequently - 2 arcsec or worse, so the camera
scale of 0.4 arcsec/pixel is usually reduced to I - 1.5 arcsec/pixel during processing. With the help of the
IMC, we hope to hold the resolution at 0.4 arcsec/pixel on the days with exceptional observing conditions.
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Figure 12. (Top) Vector magnetogram of NOAA region 6233 on August 30, 1990, at 1440 UT, Heavy contours outline
areas of positive (upward-directed) field. Light contours show negative field regions. (Bottom) Ha photograph at 1548 UT of
the same region (BBSO photo).
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According to Eq. (10), there is a 1 800 ambiguity in the direction of the transverse component as
measured with the VMG, as there is with any vector magnetograph. There is no foolproof way to resolve
it. One method of trying to determining the vector field direction is to use the Stokes V measurements,
which give the magnetic flux through the photosphere, to compute the transv,.rse components of the field
under the assumption that the fields are current free. This usually gives a plausible resolution of the 1800
ambiguity when the indicated field azimuth is within 450 of the measured azimuth. Unfortunately, the
method fails in the most interesting cases, such as the one shown in Figure 12. The active region there is
NOAA 6233, which was near the center of the disk on August 30, 1990, the fourth day of the Solar
Polarimetry Workshop. Positive and negative longitudinal field components are represented in the figure
by heavy and light contours, respectively. The slashes suggests that the vector fields generally behave as
expected, viz., they diverge from the strong field concentrations, but this map and the others obtained that
day also consistently show transverse fields parallel to the line dividing positive and negative longitudinal
fields. This is the "sheared" type of field configuration that Krall er al. (1982) and others have associated
with flares. The direction of the shear is not obvious from the magnetic maps, but it can probably be
determined by examining the evolution of the region.

An Ha picture (Figure 12) was obtained at the Big Bear Solar Observatory at nearly the same time
as the magnetogram. Note that where the transverse field direction is parallel to the boundary between
positive and negative fields, the boundary Ho filament is narrow and sharply defined. Where the

transverse field direction makes an angle closer to 900 with the boundary, the boundary filament is thicker
and more diffuse. It will be interesting to find out whether this is a general trait of filaments above
transverse fields.
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Speaker- Rust

Discussion

J. Stenflo: A major pr-blem is that the derivation of the vector field from the polarimetric observations is
strongly affected by the magnetic filling factor and temperature line weakening. This cannot be accounted
for by your calibration procedure, in particular because the flux elements are not resolved.

D. Rust: The magnetograph accurately measures the flux through the photosphere and in most cases, it
should give an accurate measurement of the azimuth angle. For the purpose of eventually characterizing the
overall structure and development of an active region these data may be enough.

J. Harvey: A partial correction from line profile variability could be made by doing the offset calibration of
dI/d, in the actual region being studied rather than using disk center. This would be incomplete for areas
with dilute filling factors but is better than assumption of a constant dI/dA.

S. Koutchmy: Do you see the magnetic field of the core of the sunspot and if yes, do you see also the
"blue/red" asymmetry? If not, then why is the magnetic field measured above the core of a sunspot on your
map not randomly distributed, as we might presume for the scattering of radiation around the sunspot.

D. Rust: We believe that the signal in sunspot umbrae is due to scattered light, mostly, but it has not been
quantitatively measured yet. We have measured the magnetograph response on the blue wing and on the
red wing. The blue wing gives a much stronger response to a simulated magnetic field and this must be due
to a steeper profile there than in the red wing.

B. Lites: Preliminary non-LTE synthesis of 6122A line shows it to strengthen enormously in sunspot
umbrae. As it has such a strong temperature dependence, it may not be the ideal line to use: much of the
polarization signal in active regions arises from spots and pores, yet the calibration is based upon quiet-sun
profiles.

D. Rust: The instrument can be calibrated better in inducing artificial line shifts over the same field of view
as used for the measurements. Until now, we haven't done this because of the added data analysis effort.

Ai G.: Do you find any Faraday rotation effect in the line you use?

D. Rust: We have been measuring both wings and the line center. The line center results are where the
Faraday effect should be more important. We do not always agree with the line wing results. I suppose that
part of this could be due to Faraday rotation.
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Speaker: O'Byrne

Discussion

J. Jefferies: Many years ago Giovanelli was using a combination of Fabry Perot to observe in a narrow band
near Ha. I think he had some problems with interference fringes between the a±talons do ycu anticlpate
such problems?

J. O'Byrne: We are aware of possible problems with interference and reflection between the two ýtalons.
Currently we slightly tilt (- 0.10) our single Fabry-Perot to guard against problems with on-axis reflections
Similar small tilts in a dual Fabry Perot mounting should average fringe problems. Also, we probably haze
fewer surfaces than Giovanelli because of our use of solid Fabry Perots.

S. Koutchmy: Could you envisage to remove or change the prefilter of the Fabry Perot 6talon and work
with many orders to have a better S/N ratio and look at net polarization effects on the disk? Maybe this
could be used for calibration purposes.

J. O'Byrne: Allowing adjacent Fabry Perot orders through will clearly increase the light level as it rapidly
reduces contrast in the spectral line and looses all polarization information. This may be useful for calibration
purposes perhaps. While not too difficult a change, it could not be done routinely
As to the corona, we are interested in using an Fabry Perot in a coronagraph.

D. Rust: Can one use linear polarizers only to calibrate matrix of telescope, or is the use of circular
polarization necessary, too?

L. November: The Jones matrix of a system is uniquely determined by multiple linear polarization sources
only.

A. Skumanich: This is a comment on D. Rust's statement of the use of only a linear polarizer to calibrate
the telescope. It is necessary but not sufficient, one also needs to introduce circular polarization to determine
V, Q, U cross talk.

J. O'Byrne: Although most of our calibration runs to date have been with linear polarizers, we have run
with a circular polarizer also.

E. West: Can you tune the prefilter/filter into the continuum and what kind of polarization signal do you
get?

J. O'Byrne: We can certainly tune both filters out into the continuum. With our current tuning range of
3000 volts on the Fabry Perot, we can reach over IA to the blue of the line. In principle we can go further
with high voltages. The polarization "signal" in the continuum is very low, but I cannot guaranty it at this
point.

A. Skumanich: We also need B maps in the local solar frame.

J. O'Byrne: We are well aware of this need, especially because of the tendency to produce apparently
strong transverse fields directed radially when observing away from disk center. This makes the vector maps
much more difficult to interpret.

Ai G.: Why is the transverse field, outside of the sunspot so strong? Maybe the vertical lines are noise or
systematic error.

J. O'Byrne: When you zoom in on the image and display more vectors in any region (the maps I showed
display vectors for only 1 in 10) the vectors remain coherent over small patches of the map - i.e. the vectors
are certainly not noise dominated. As I mentioned in my talk, the solar oscillations and drift of the blocker
profile during an observing sequence are being investigated as sources of systematic error leading to the field
outside the spots. The vector map does however emphasize the effect because of its scaling of vector lengths.
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H. Wang: Why the transverse fields are so strong in the umbra of the spot?

J. O'Byrne: The orientation of the vectors is often quite consistent with projection effects caused by
observing regions away from disk center. Whilst this effect is clearly present I do not believe it is tlhe

primary explanation. We are investigating the effect of oscillations and blocker profile mentioned earlitar
We expect our "fast" mode to reduce this effect substantially.

J. Harvey: In order to obey Skumanich's plea for solar as well as observer's reference frame plots of vector
fields, the 1800 ambiguity has to be resolved at every pixel. Which of the many suggested schemes should
be used to do this?

A. Skumanich: That's correct but one ultimately needs to go to the solar frame to do physics Perhap.
we can start at the spots and work outward. This may not be unique and perhaps several solar maps mIna
be necessary to explore the consequences of the ambiguity.
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A BRIEF INTRODUCTION TO THE

MULTICHANNEL SOLAR MAGNETIC FIELD
TELESCOPE

Ai Guoxiang

Beijing Astronomical Observatory, Chinese Academy of Sciences

I. Introduction
The construction of the Multichannel Solar Magnetic Field Teleskw
is granted by the Astronomical Committee. Bureau of Mathematics.
Physics and Chemistry, Chinese Academy of Sciences for the project
of the Seventh Five-year Plan. The design of the telescope is ba.,•J
on the principle of the multichannel filter invented during the end of
1983 to early 1984. After selecting several themes and studying vari-
ous plans during the period of 1984 to 1986, the Beijing Astronomical
Observatory and the Nanjing Astronomical Instrument Factory signed
an agreement in 1986 and began to construct the telescope. The con-
struction of the telescope has been supported by the committee and
the bureau mentioned above. Now wf2 have begun the optical, mechan-
ical and electrical combined testing. The telescope will be completed
in September and installed at Huairou Solar Observatory in October.
1990.

As we all know the 22th solar cycle is coming. With the view to make
full use of the above telescope by solar physicists working in China
and all other countries of the world and to help their working plans or
selecting themes for further studies, we give here a short description of
the telescope and its astronomical capabilities.

II. Telescope
The telescope system contains four seperate telescopes installed on a
unified driving system. (See Fig. 1)

1. 600 mm Vacuum 9-channel Telescope
This telescope consists of a primary mirror with an aperture of 600
mm, a reflection-type Gregorian vaccum system and a reflection grating
at the first focal plane. The solar region of 4' x 5.'5 is retained for
observing. In front of the colliminated light is placed the panchromatic
KD'P magnetic field analyser. In the head of the multichannel filter.
the beam of light is by passing through the polarizing beam splitter split
into 5 rays of different wavelengths of the spectrum. These rays. after
passing through the 5 respective collininated system, enter the body of
the 9-channel filter, forming 9 solar local images in the end with the help
of 9 image lens systems. The two sizes of the solar images can be used:
120 mm or 60 mm. These images are followed up by 9 sets of PULNiX
TM 860 CCD used as receivers. 800 (H)x 590 (V) pixel, each being
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11.5 A x 11.0p in size. corresponds respectively with the solar detaals
of 0."38 x 0."37 or 0."19 x 0."185 and the field of view of 3.'6 x 5.'1 or
L'S x 2..55. F ,flowing these CCDs. six paralll videorecorders are used
in recording the real time diata and three seri,-s 151 image processing
systems are used in obtainig digital data. The analog signal on the
video tape also can, according to the need of users, be used afterwards
in obtaining digital data with series 151 image processing system.

Every channel of the 9-channel filters is a wavest rip-adjustable universal
filter. The central wavelengths have adjustable range of 1500 A to '2000
.k. Almost all the solar spectral lines in the visible range of 3800 A tu
7000 .A can be used as observing lines. The spectral lines firstly selected
on the basis of the opinions and the themes selections before the design
are shown in Fig. 2. Additional wellknown, useful spectral lines, as
listed in Table 1, can be selected and used as observing lines by the
interested.

Because the spectral resolution of some channels is as high as 0.048 A. it
is possible to obtain, by spectral scanning with a wavelength adjusting
apparatus, the profile of the spectral line with a time resolution 10',
of the two-dimensional field of view over the solar region. The most
characteristic feature, also the unique capability of this system is the
following. One can obtain real time 3-dimensional (the sunface of the
sun and the different levels of the sun) data for the vectorial magnetic
field, the component of the velocity field in the direction of the line of
sight and monochromatic images. One can also observe, by spectral
scanning, the profiles of the Stokes parameters. It is estimated that
the sensitivity of the magnetic field is about ± 1 G for the longitudinal
component and ± 10 G for the transverse component. The velocity
field (obtained from the profile of spectral lines by scanning) of the
range from ± 10 M/S to ± 1000 KNM/S can be observed. In addition
the coronal vector fields can be obtainted, through the Handle effect
by using the related line pairs. The time resolution is usually about 1
minute. It can be made shorter or longer, if necessary, as short as 10r.
or as long as 5 minutes.

2. 350 mm, Solar Magnetic Field Telescope
This is the present system we are familiar with. It will be installed
on the new telescope so that the continuous data and regular active
regional data can be obtained. Fel A 5324.19 A. and Hi 4861 A are
used in observing the vector magnetic field and the line of sight velocity
field. The field of view is 4' x 6'. Each CCD pixel corresponds to the
solar details of 0."5 x 0."7. The time resolution is one minute. (This
can be made shorter or longer.) The sensitivity are: ± 1 G (± 15 G)
for the longitudinal (transverse) magnetic fields and ± 5 M/S for the
velocity field.

S" I J
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3. 100 mm Full Disk Magnetic and Velocity Field Telescope
The aperture of the objective lens is only 100 rmm. The two sizes of
solar images can be selected: 6 mm and 9 ram. Various spectral lines
can be selected by using a universal filter of band width .. The
present selected spectral lines are A 5324 A for observing the vector
magnetic field, and A 5576 .- for observing the velocity field. A new
design of double passband mode is adopted in this filter. It has a
high comprehensive S/N. The KO 1521 Megaplus corresponds to 2"
solar details CCD. involving 1320x 1035 pixels, is used in the receiving
system. Each pixel corresponds to 2" solar details. The resolution of 2"
being so appropriate, the S/N of the 100 mm telescope will be one time
higher than the original magnetic field telescope. In case of 5 minutes
of integrate time the sensitivity of the longitudinal magnetic field is
estimated to be ± I G, that of the transerve field, ± 15, and that of
the velocity field, ± 1M/S_ The integrated time can be made shorter or
longer, if necessary. The magnetic field and the velocity field can not
be observed at the same time with the system. About 1 minute of time
is needed in exchanging the observations.

4. 140 mm Full Disk Chromosphere and Photosphere Telescope
This is a 2-channel simultaneous observing system, both using the same
140 mm objective lens and collimating system. The light is split into
two beams of which one beam. after passing the 0.5 H, universal filter
(± 32 A adjustable), forms the full disk chromospheric or photospheric
image (when used as a side band), the other one,after passing the A 5500
± 50 A filter, forms the white light photospheric image. (Solar images
are 200 mm.) These images are monitored with CCD or observed with
camera, giving background material.

If one feels necessary, the small telescope attached to the present mag-
netic field telescope can further be used. It has a 80 mm objective
lens and a daystar filter of a band width of 1.5 A. Ca 3933 A is used
in observing. The full disk Ca monochromatic image is formed and
monitored with CCD. The weight of this small telescope is only 5 kg.

By means of the photoelectric guiding and the deviating apparatus, it
is possible to arrange the 600 mm and 350 mm telescopes to observe
the selected local regions of the sun, while the 100 mm and the 140 dim
telescopes monitor the full disk all the time.

III. Real Time Receiving and Follow-up Processing System
This system cotains 13 CCDs for receiving the simultaneous video solar
images through the various channels. These images can be recorded
continuously at the frame period 40 ans (field period of 20 is). Because
the S/N caused by the atmospheric vibration usually is about 100:1
under the video conditions, while the S/N of a good recorder is as
high as 47 db, about 224:1, i.e. The video recorded analog signal do
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not reduce the S/N of the data, wh,,n digitized. Therefore, the video
recorders are mainly used in the tern.,inal system. To save money, the
cost of a recorder being 1/30 of that of an image processor, we use only
3 series 151 image processors in the 9-channel system to obtain the
most urgently needed real time digital data. If the observers are not
satisfied with the analog data, series 151 image processing system can
be used in data processing afterwards. In addition, the video recorded
data are continuous and the time resolution can be selected freely for
various analyses.

The block diagram of th9, receiving operating and follow-up system
is shown in Fig. 3. The real time digital data can be memoried in
the IPAIO-D erasable laser disk system (650 MB/piece) through 80486
computer. The data can be read afterwards for processing on the
IDUIO-D erasable laser disk which is connected with the VAX-11/750
computer. These two sets of laser disks are for real time recording the
large amount of digital data and for the convenience of using the data.
The waste of time caused by transforming the data is avoided. The
digital data is often used. So it is restored in the disk for daily usage.

A lot of analog data obtained with the video recorder is memoried
in the tapes. These data can be replayed for searching for the needed
characteristics. These data can also be digtized and used. The observers
have to keep the data in their own tapes, for we will not provide the
daily usage. Either digital data or analog data can be changed into
photographs with the screen camera system for intuitive usage.

The photographs of H,, and white-light full disk image and local sunspot
imagf, can be taken with 135 camera.

There are AMT-8300-16 large capacity real time tapes with a storage of
3000 digital maps for editing the digital data into a continuous telefilm.
A number of analog video tapes can also be edited into concentrated
telefilm by the editing machine.

Besides the magnetograms and the Dopplergrams obtained with VAX-
11/750 computer and Sun4 workstation we have collected some program
libraries edited by the solar physicists for general use.

For the better use of the computers at Huairou Observatory, we shall
build through E-MAIL working terminals at Zhong Guan Cun for the
convenience of users there.
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Two-dimensional polarimeter with CCD image sensors
and piezo-elastic modulators

H.P. Povel, C.U Keller, J.O. Stenflo

Institute of Astronomy, ETH-Zentrum, CH-8092 Zurich

Summary. A new type of polarimeter for application in solar physics is described, which cornbtmns
fast polarization modulation and high spatial resolution using piezoelastic modulators and charge
coupled device (CCD) image sensors. The problem of incompatibility between the slow read-out of
CCD sensors and fast modulation has been solved. First two-dimensional Stokes Q and V images.
free from gain-table noise, and with an rms noise level of about 10-3 have been obtained

1. Introduction

Two-dimensional Stokes polarimetry with subarcsecond resolution and a polarimetric accuracy
to-3 requires

(1) modulation frequencies of the Stokes parameters Q, U and V well above some 10)0 Ili .''h- i-,
noise introduced by seeing fluctuations becomes negligible,

(2) strictly simultaneous images of all four Stokes parameters,
(3) elimination of gain-table noise (errors in the flat held),
(4) high spatial resolution,
(5) low instrumental polarization,
(6) fast image acquisition and real-time processing for image selection and control.

The fulfillment of these requirements can be achiveded with modern equipment like fast electro-optical
modulators (1,3), CCD image sensors (2,4), large, polarization-free telescopes at appropriate sites (4.5).
and modern high-speed real-time image processing systems (6).

However, there remains one serious problem to be solved: How can the evident incompatibility
between fast intensity modulation (kHz), comparably long integration times (typically 0.1 s) and slow
CCD read-out frequencies (typically 50 Hz) be overcome ? A solution is now offered by the ETH
polarimetry system.

The polarimetric system designed and presently tested at ETH Zurich uses two piezo-elastic modu-
lators (Kemp, 1969) and three CCD imaging sensors to measure simultaneously I, Q, U and V (Stenflo.
1984). The problem of demodulating the high 50 kHz intensity modulation produced by the modulators
has been solved by controlling the photo charges in the CCD detectors (Povel et al., 1990), as will be
described in the following sections.
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2. The Polarization Modulator

The principle of the piezo-elastic modulator (PEM) is outlined in the following By resonant
a longitudinal standing acoustic wave in a slab of optical material like fused siL:a with a piezo t ,
strain induced birefringence results. This leads to a modulated retardation 0(t) given b%

0(t) = Asin(Qt)sin(,rz/L),

where .4 is the maximum retardation, P? the characteristic frequency, and L The 14ngfi ztt th ,
the direction x of the acoustic wave. For L = 57 mm one gets ti/,w = L 5f) kIfz i i -
where v, is the speed of sound. According to (1) in the middle of the slab (x = L/'i th•, 41r,:
is approximately flat. Consequently the useful spatial (...Ix) and angular aperture (&i 4 h-, r,.r t.
are rather large. If one accepts a phase deviation f = AO/= 1% one gets -Ax z 2LV/'2-= 1 !oi1 ;-ii
e 15 v7 80 and (1) can be replaced by

(t)= Asin(Qt), f2

EL ADC

CCD 2 i

3 M'

2f 2
BS

i Z PH

L f2

OS2

PEM1 0SC2
PEM2

Fig. 1. Principle of the polarimeter with CCD sensors and piezo-elastic modulators (details are described in the text )

With two piezo-elastic modulators (PEM1, PEM2), a A/2 retarder, and a linear polarizer (LP). as
arranged in Fig. 1, a compact polarization modulator can be built. This setup has been analyzed in
detail by Stenflo (1984). The optical components are oriented in the following way: PENII at 45',
PEM2 and LP at 0', and the A/2 retarder at 11.25' with respect to the y-axis, as indicated in Fig. i A
light beam with polarization described by the Stokes vector (f. Q. U, V) is. after passing the tiodulator
package, transformed into a 100% linearly polarized beam with th- Stokes vector (I'. 1'.0, 0), where

1'(t) = 2[[ + xqQcos(2f21t) + zxU cos(2022 t) + x,,Vsin(fjt)]. (3).2• )
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-Ql and f2 are the frequencies of PEMI and PEM2, respectively. The coefficients rq t, depend on thI,
optical parameters chosen. For the setup described above, with At = A., = 2-40 one gets x., = X = f;1
and x, = -0.74.

According to (3), besides the DC component 1, tin output V'(t) he modulator -orrtains thr-
AC components with frequencies 2Pj, 2P2, and Q9, having amplitudes proportional to the polarizauor
parameters Q, U. and V, which can be measured by synchronous demodulation technui-s \ -!rng>
channel system of this type which uses three lock-in detectors is presently uader test at Arosa A,,t rphys-
ical Observatory of the ETH Zdrich. Two beam splitters are positioned behind the mcdulat(r parkac'e
if three CCD array sensors are used for the Q, U. and V images. In Fig. 1 only the first ,.; 1W

(BS) is shown.

3. The Demodulator

A small modulation asin(.2t) with known frequency 9 buried in a noisy background with a frequency
spectrum f(w) can be detected by synchronous demodulation as will be explained below. The input
signal 1(t) is multiplied by a periodic demodulator function D(f2t). The product D(f2t) x [(t) is passed
through an integrator (low pass filter) with a time constant T. If D(Qt) is performed by periodic
switching between +1 and -1 polarity, the output of the integrator as a function of the frequency . of
the input signal is given by

S(W) "•Z sinc[(kf2 - -•)T], (4)

k=1,3,5, .

This expression shows, that a very strong supression of noise at 2 = 9 can be achieved. if the
integration time T is made much longer than the modulation period 2,-r/f2.

With an integrating photo detector synchronous demodulation can be performed easily by periodically
reading out and summing the photo charges q+ and q- generated during the first and second haif of
the modulation period. The normalized difference (fractional polarization) of the sums Q_= q - andQ_ =Zq-,

P _ Q+- Q _ -
Q++ Q_'

is independent of the signal amplitude, which depends on the responsivity of the photo detector and
on the photon flux. P is proportional to the Stokes parameter selected by the demodulation frequency
Q = f9 j, 20Q, or 2R2.

In CCD image sensors the read-out frequency of one pixel is limited by the maximum frame rate.
which is usually 60 Hz (or two or four times larger if arrays with multiple output registers are available).
Therefore the modulari o frequency is restricted to 30 Hz, completely incompatible with the .50 kHz
modulation frequency of the PEM, and much too low as compared with the limit imposed by the seeing
fluctuations.

A solution to this problem has been found and successfully tested by Povel et al. (1990). The basic
idea is to integrate the two images 1+ and [_ corresponding to the two modulation phases (half periods)
directly on the chip without reading them out after each modulation half-cycle. For this purpose a
storage area protected from light must be provided on the chip, where the two images can h. stored
alternatingly during the two modulation phases. During a phase transition the image charges are rapidly
transfered from the storage area to the light sensitive zone and vice versa. This cycle is repeated many
times, until the summed charges nearly fill the CCD potential wells and the frame is read out.

The principle is illustrated in Fig. 2. The storage zone is formed by covering every second CCD
row by an opaque mask. During integration the charge packets are shifted up and down by one row
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Fig. 2. Principle of demodulation with a three-phase CCD-image sensor. Shown are the potential wells along a column
and the position of the charge packets during the two modulation half periods (indicated as + and -).

in synchrony with the modulation. After read-out of the frame the image of the fractional polarization
P = (1+ - I_)/(I+ + I-) is calculated by combining corresponding rows.

The finite transfer time needed to shift the rows by one position leads to a mixing of I, ;nd L. t bhus
reducing P. Another mixing effect which is due to transport losses during the charge transfer- limits the
useful number of modulation cycles over which can be integrated.

The P86000 frame transfer sensor made by EEV was chosen for this project, because its three-phase
buried channel structure allows fast bi-directional charge transfer and promises a very high transfer
efficiency. The sensor has 385 pixels/line, 285 lines/half-frame and a pixel size of 22 pm x 22 pm.

The setup is depicted in Fig. 1. It shows the above described modulator package together with a
block diagram of the electronics. The reference signal f2 from the PEM2 oscillator driver OSC2) is
passed through a phase shifter (PH), which also doubles the frequency. The signal 2f2 is fed into the
CCD electronics block (EL), where it is used by the clock sequencer during demodulation. The analog
signal from the CCD sensor is amplified and processed (EL) and finally digitized into a 12 bit/3MHz
video data stream by a fast analog-digital converter (ADC).

The first test to demonstrate the feasibility of the method (Povel, et al. 1990) was made with a slit
imaged on one CCD row. It showed that the transfer time could be made sufficiently small not to cause
a noticeable smearing effect on P. Furthermore no significant degradation of the polarization signal
could be observed for a modulation frequency as high as 100 kHz, even at 1 s integration time, i.e., after
2 x 10- shifts. To avoid a significant parasitic signal in the screened storage rows, the width of the slit
imaged on the sensor surface may not be larger than 18 pm.

After it was shown that the new demodulation principle works well for one row, the next natural
step would have been to put a slit mask directly on the CCD chip. However, because this has to be
done during the manufacturing process, where the costs are rather high, we decided to project in scale
1:1 a mask with 18 jm slits on the sensor. With this setup two-dimensional polarization images have
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been obtained. Yet some critical restrictions became apparent. The 1:1 scale, which has to be acrtiratel%
maintained, requires very fine positioning and high mechanical stability within I pim. Furthl-rrnore the
setup proved to be sensitive to small optical aberrations, leading to an incomplete masking at the oiter
part of the field of view. The use of a high quality optical system can certainly solve th r•e problers,
but the setup would still remain rather cumbersome and difficult to adjust.

For this reason we finally decided to place the mask directly on the sensor. EEV agreed to mnanufacture
some modified chips according to our specifications. The geometry is shown in Fig. 3. The aluminium
mask is isolated from the electrodes by a thin oxide layer. In order to have a better charge collection
and separation, the potential well is extended over two electrodes P1 and 02 during integration, whereas
during charge transport only one electrode is kept at high potential. The transmission of the niatsk
turned out to be < 10'-. The cross talk between screened and unscreened rows due to light scai tering
and charge diffusion was measured to be about 0.02. This leads to a reduction of the demodulated signal
(apparent depolarization) by a factor of 0.96, which is acceptable by a wide margin.

22um 22,im

126im

MASK <100

LAYER (l1-.5pm)

ELECTRODES

GATE INSULATOR #2 0t 03 02 01 03 02 01 03 02

BURIED CHANNEL

SUBSTRATE ,,eat out

Fig. 3. Cross section through the modified EEV P86000 imager with aluminirum mask.

The phase dependence P(a) of the demodulated signal was found to agree well with thory. [h,
expected function is plotted in Fig. 4 together with the measured values, which are averaged over a
square of 16 x 16 pixels. The theoretical curves have been multiplied by a constant calibration factor
(given in Fig. 4).

0.8 o. a
A ,,)../A,. = 1.02 P. A=/A,._ 090

deg d•.eg

9o 180 9 270

itinear potarizato circular polarization
(100 kHz modulation) (50 kHz modulation)

-0.8 -a.s _

Fig. 4. Demodulated signal P(or) as a function of phase shift a. The measured values (black squares) have been obtained
with 250 rns integration time, and have been averaged over columns 40-55 and rows 40-5.5.
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1(a)

Circular Polarization

Fig. 8. (a) Stoke. I. representing 4 + I-. (raw data) and (b) Stokes V/I, representing (4 - L)/(I.,. + L) The spectrum
wa. recorded in first order, with the spectrograph slit crossing a sunspot. The exposure time was 250 ins, the chip
temperature -5 0 C. The field of view is approximately 110" x 14.6 A.
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(a)

'i•~ c:;:••i •~ I 6301.5 A FeI 6302.5 A

| 6

Linear Polarization

Fig. 6. As in Fig. 5, but for (a) Stokes I and (b) Stokes Q/I.
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Fig. 7. Cross sections through the two-dimensional spectra shown in Figs. 5 and 6, along one pixel row through the center
of the sunspot. Via the Zeeman effect the magnetic field in the sunspot generates the characteristic symmetric Q/[ and
anti-symmetric V/I tine profiles. The rms noise is approximately 3 x IO-3 in the V/I spectrum and 10-3 in the Q1I
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F cI6301.5 A Ft-1 6302.5 A Lineatr Polarization

(c) Lineor Potar zction of Fe 6302. A

+ i , I I

-33" -17" -11"

t 7" 0" 5"

14" 33" I

Fig. 8. (a) Stokes I (raw data), (b) Stokes Q/I. and (c) cross sections through the QII/n-inA. ,•f 6, F,.[ 1•3f2 1 A line atdifferent distances from the sunspot. The spe,:rl am was recorded in the second order. The integration time was 300 ins.the chip temperature -80C. The field of view is approximately 95" x 3 A.
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For 100% linearly polarized light one obtaines

P(a) = 4j 2 (A) sin(a)/[l - Jo(A)], it;

for 100% circular polarization

P() (A) sin(a) - J3(A)sin(3)]

First two-dimensional Stokes Q and V line profiles have been obtained with a prototype of the new
polarirneter at the ETH solar tower in Zirich (f = 10.7 in, D = 25 cm) at the focus of a Littrow
spectrograph (f = 4.6 m. 1200 lines/mm). The effective pixel size corresponds to 0.85" x 37 mA in the
first order, or 0.85" x 14 mA in the second order.

The data shown in Figs. 5-8 are raw data, not corrected for pixel-to-pixel variations of tne responsiv-
ity and analyzing power. The strong fringes appearing in the !-images are probably due to interference
effects in the glass windows in front of the sensor (CCD cover and vacuum window). This can be seen
by the change in the fringe pattern, when the components are rearranged (see the difference between
Figs. 5a and 6a). The fringes, which may be removed by flat fielding, will be reduced in an improved
setup. Nevertheless, the fringe effects are entirely absent in the V/I and Q/I images, as expected. Thus
the polarimetric accuracy is not dependent on the accuracy of the flat field.

Acknowledgements. H. Aebersold was responsible for the design of part of the electronics. The mechanical setup was
constructed by F. Aebersold. The project is supported by the Swiss National Science Foundation under contract No.
20-26'436.89.
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Discussion

D. Deming: What is the cause of the asymmetry in linear polarization, where the two sigma peaks hae
unequal amplitudes?

P. Povel: It is probably due to cross-talk caused by the telescope mirror system.

L. November: Would it be possible to manufacture a CCD with rows separately masked with alternate
polarization states?

P. Povel: No, one is restricted to a metal mask (e.g. aluminum).

C. Keller: The difference to previous schemes lies mainly in the fact that both polarizations are measured
with the same detector area. When calculating Stokes V divided by Stokes I the gain table divides out.
This leads to an accuracy of 10-3 at exposure times of 0.25 sec (with a small telescope).

L. November: I think that a 2 polarized scheme does not preclude forms of automatic gain cancellation
between the 2 polaL zer cnannels if the output CCD rows are shifted in sign within the retarder modulator.

S. Tomcyzk: In both your instrument, and that of D. Rust, one half of the solar image is lost. How will
this affect the science you intend to do?

D. Rust: In the scheme with a Ronchi ruling and a birefringent beam splitter, both senses of polarization
are passed and detected all the time. It has a factor of 2 greater light efficiency than the modulation scheme,
but the loss of spatial resolution is the same, namely, a factor of 2 in one of the two dimensions.

P. Povel: If you mean intensity then it is just a loss in photons (v,'2 loss in statistics). If you mean spatial
resolution then it is a factor of 2 we loose.

A. Gary: What was the transfer loss in the CCD array? Was this 10`? Does this represent the S/N limit
for the device?

P. Povel: We don't see a significant degradation of the measured polarization signal (with 100'7, plariz,-,
input), even if we integrate for Is. At 100 kHz modulation frequency this means 2 105 times shifting th,
lines back and forth. From this we conclude that transfer losses should be much smaller than 10'

T. Moran: Would you prefer to transfer rows at a slower rate than 50 kHz? If so, why?

P. Povel: Transferring rows at a slower rate would allow longer integration, if there is a large transfer loss.

M. Semel: What would be the total efficiency? Do you plan to observe several lines (in different wavelength
ranges) simultaneously?

P. Povel: We have not yet calibrated the total efficiency of our system, but plan to do this in the near
future. - Yes, the system is well suited for simultaneous observation of different lines.

B. Lites: How can the system be as efficient as, say,a rotating wave plate, when beam splitters are required
to obtain simultaneous Q, U ,V signals? The separate detectors are blind to the frequencies at which the
other stokes parameters are modulated, therefore the system efficiency must be much lower than a device
that detects all three modulation efficiencies simultaneously.

P. Povel: It is true that each of the three CCDs sees only one of the three modulation frequencies and we
loose a factor of three in Stokes Q, U and V, but not in I. However, we believe that our system is free from
the systematic errors and seeing noise, which are the major problems with a rotating wave plate system.
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ABSTRACT

The brief description of the multichannel birefringent filter and its three types
is provided. 2-D real time polarimetric spectrograph with 64-channel, its achro-
matic KD'P modulator, the construction with module, and automatic supplement
system for temperature change, are introduced.

I. INTRODUCTION

At present, there are mainly two types of optical instruments for the solar physical
research: the spectrograph represented by the solar grating spectrograph and the
filter represented by the birefringent filter. These two types of solar instruments
have a long history and both have played an important role in the research of solar
physics. They are being developed and improved. Each type has its own strong
points as well as weak. The grating spectrograph provides a broad spectral range
with a very high spectral resolution, but it is restricted to an one-dimensional
field of view along a spectrograph slit. The 2-D spectrum obtained by means
of machanical scan is not simultaneons. In contrast with the spectrograph, the
filter can obtain a solar monochromatic image with plane simultaneously, hut it
can not obtain a solar spectrum simultaneously. Recently, a universal birefringent
filter (Beckers, 1975) can obtain different monochromatic images with different
wavelengths, but can not yield solar spectrum simultaneously. A survey for a new
instrument combining the advantages of the above two types is in urgent need in
the research of solar physics, inspecially, in research of eruptive proceedure, stokes
parameter profile for vector magnetic field, line profile for real velocity field. A
new system, the multi-channel birefringent filter (MCBF), has begn developed to
achieve simultanously good spatial coverage at a number of wavelengths with high
spectral purity (Ai and Hu, 1985a, 1985b, 1987a, 1987b,1987c). The three types
are introduced in section 2. A Solar Multichannel Telescope with 9-Channel is un-
der developing at Huairou Solar Observatory of Beijing Astronomical Observatory.
2-1) real time spectrograph with 64-channel, the achromatic KD'P modulator, the
construction and automatic supplement system for temparature will be introduced
in section 3. 4. A discuss and proposal will be in section 5.

11. THE PRINCIPLE OF A MULTICHANNEL BIREFRINGENT
FILTER

1. Compound Polarizing Beam Splitter (CPBS)
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As early as in 1947, Banning constructed the polarizing beam splitter (PBS).
The principle of the polarizing beam splitter is illustrated in Figure la. Part of
the incident light is reflected at the Brewster angle from a multi -layer, thin film
surface, and the rest is transmitted. The reflected (S) and the transmitted (P)
beams have mutually orthogonal linear polarization.

Over the years one has improved substantially the polarizing beam splitter (PBS),
e.g. in terms of throughout, which may be as high as 95-97%, the field of view,
the spectral quality, and the stability of the material. At present, the degree
of polarization of a PB• is about 99.5%, and it can be used in a convergent
beam with a focal ratio of 8:1. The working wavelength range in the visible is
about 3,000 A. The absorption of light is about 3-5%, which is better than 10%-
15% for polaroids. Although PBS has been known for nearly fourty years, it has
not yet been used in birefringent filters. The two main reasons for this are that
one polarizing degree is slightly lower (usually about 99%) than required for the
filter, and it is generally more expensive than the polaroid. To overcome the low
degree of polarization, the compound polarizing beam splitter (CPBS) has been
designed. In Figure lb two polaroids. with polarizing degree of about 90%. are
inserted immediately after the PBS, which polarize the two emergent beams to
about 99%. The resulting degree of polarization then becomes

P = 1 - 0.5 x (I - 0.99) x (1 - 0.90) = 0.9995

This value satisfies fully the requirements for the filter. Because the transmission
of the polaroid (which has a degree of polarization of only 0.90%) is higher than
0.95, the resulting transmission of the CPBS becomes 90-92%. The transmission
of the CPBS may be enhanced by improving its multi-layer thin film.

S

$ -

Figure 1. a. k polarzing beam splitter b. A compound polarizing beam splitter

2. The Principle of a MCBF

Figure 2 illustrates a compound element of a Lyot filter. When P2 II P1, the trans-
misson is T11 = cos2( rpsd/A). The factor it is the birefringent index, and d is the
thickness of the birefringent crystal. When P2 .LPI, one gets T.L = sin2 (irrs/A). T11
and T. supplement each other in the transmission spectrum, that is TII+T±. - 1.
When the polaroids are used, one beam and one channel can be obtained.



2-D Real Time Polaximetric Spectrograph with 64 Channel 115

P., b P2.

P, b BP

Figure 2. The figure illustrates the difference'between the traditional Lyot filter
and a MCBF.

The other beam is absorbed and leads to heating of the element. When a CPBS
replaces the polaroid in Figure 2, two beams, III and I.1, are available, and one has
a multi-channel element.

A MCBF with three elements and its spectral transmission profile are shown
schematically in figure 3 and Figure 4. The eight channels are equally spaced
in the spectrum.

A polarizing solid Michelson interference filter has been constructed by Title and
Ramsey (1980). As early as in 1949. an analogous filter was originally suggested
by Evans. The spectral resolution of the filter may reach 106, which corresponds
to about 0.01 A. A multichannel, polarizing solid Michelson interference filter
(MPSMIF) is similar to a MCBF (Figure 5). It is also possible to make a MCBF
with 0.01 A spectral resolution.

Since the beam can be directed forwards, backwards, and sidewards, various ge-
ometrical arrangements can be applied to obtain suitable configurations of the
MCBF. The reflected beam can either be directed up, down, left, or right relative
to the incident beam. Various models of the MCBF can thus be constructed, but
they can be divided into two main categories. One is the orthogonal model, for
which the directions of the emergent beams from every CPBS are perpendicular
to each other. This model keeps the original J)bS scheme, which is simple. It is
suitable for filtcrs with only a few channels, in which case the detectors, e.g. the
cameras, are placed farther apart. The second category is the parallel model, for
which the orthogonal beam from the CPBS is retfected to a parallel direction using
total reflecting prisms. The directions of the exit beams then become parallel with
the incident beam. All channels are placed in a square matrix, for example, 2x2;
3x3; 4x4; and so on. This solution provides a compact MCBF, which may be
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enclosed in the same thermostat or cooling system as the detectors (CCDs or reti-
cons). According to the scheme of Figure 3 the following quantitative relationship
in the MCBF. M = 2 1 where N is the number of MCBF elements, as M is the
number of channels, the number of CPBS is M-1.

3. 2-D Spectrograph

The first type of a MCBF that we will describe is the 2-D real time spectrograph.
When the thickest crystal is located at the beginning, and thinner crystals are
placed successively later along the light path, the 2-D spectrograph is obtained.
When the spectral channels of the MCBF are distributed around a particular
spectral line, a 2-D spectrograph is obtained.

We might be shocked at a great number of filters with narrow band for the MCBF.
Fortunately, this problem can be resolved by the construction of MCBF itself. The
thick crystal is required to be located in the fore part of the filter and thinner
crystal in the rear along the light path. The thickest crystal is applied to all the
channels so as to reduce the amount of crystal. It the thickness of the thickest
element is d, the total crystal thickness of the Lyot filter is (2 - 1/2"-')d = 2d.,
wnere n is the- number of elements. In the 2-channel filter, the thickest crystal is
still d. The two successive filters need separate crystals with thickness d each. So
the total crystal thickness is Sd. In the 4-channel filter, the thickest crystal is still
d, the folli)wing less thick crystal is 2xd/2 = d. The following next less thicker
crystal is 4xd/4 = d, so that for the 4-channel filter, the total crystal thickness is
4d. Each element in MCBF has equal crystal thickness. Table 1 gives the amount
of crystal for MCBF.

Table 1

Relation between the number of channels and the amount of crystal needed for
an MCBF

No. of channels Total crystal thickness In Comparison with
Thickness of Single
Lyot Filter

1 2d 1
2 3d 1.5
4 4d 2
8 5d 2.5
16 6d 3
32 7d 3.5
64 8d 4
128 9d 4.5
256 10d 5
512 lid 5.5
1024 12d 6
2048 13d 6.5
4096 14d 7

Table 1 shows that when the number of channels increases exponentially, while
the amount of crystal needed increases only linearly. M=4R-1, where R is the rate
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of total crystal thickness of MCBF to single filter. It should be emphasized that
a smaller amount of calcite has been practically used than that of quarts which is
cheaper and processed more easily. Quartz plates equally thick can be produced in
batch. CPBSs and equipments adjusting wave lengths are used in large quantities.
Though these components are not expensive, the procefs and adjustment need a
large amount of labour indeed.

4. The Totally Transmitting Birefringent Filter

If two identical birefringent filters are placed in the two beams split by the first
CPBS and the beams from these two filters are merged into one beam by the last
CPBS, one gets a totally transmitting birefringent filter. This is so because the
totally transmitting birefringent filters utilize the rest half light which is absorbed
by the first polaroid in the traditional filter. Its transmission is twice that of the
traditional filter. Using the same procedure for each of the split beams, one can

multiply the number of channels and obtain a totally transmitting filter with any
desired number of channels.

5. The Multichannel Head Birefringent Filter (MHBF)

In the MHBF, by selecting more primary elements of the filter, the channels trans-
nitting the selected spectral lines are first isolated. after which the narrower ele-
ments are placed separately ine the different channels. The merits of an MHBF
are the following:

(1) The thickest crystal does not have to be located first, which reduces the
heating load on it.

(2) Every channel can have an independent bandwidth. in order to suit the need
of the particular lines.

(3) Behind the MHBF one may place Fabry-Perot filters and/or Daystar filters,
which are all single channel interference filters.

(4) Filters which are available in an observatory can be combined with the MIBF
and used for simultaneous observation of monochromatic solar images.

6. 9-channel Birefringent Filter

A 9-channel birefringent filter is being designed and constructed for the Huairou

Solar Observatory of the Beijing Astronomical Observatory (Ai and Hu, 1985e).

Each filter channel is a universal filter, and all are adjustable in wavelength and
have wide angular field. Since of with different wavelengths are used simultane-

ously to observe vector magnetic fields, a chromatic polarizing light analyser has

to be used. A chromatic polarizing analyser using KDPs has been proposed by Ai

and Hu (1985e).
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III. 2-D REAL TIME POLARIMETRIC SPECTROGRAPH WITH
64-CHANNEL

1. Optical System

The spectrograph consists of a filter with 64-channel, a prefilter, an achromatic
KD'P modulator with two pieces of achromatic 1 wave plane, a collimator, 8 image
lens and a lot of interference filters. The construction is shown in Fig. 6. In brief,
the optical elements with Mark I is represent for Mark II-VIII.

2. The Filter with 64-channel

The elements of the filter are shown in Table 2. Tfe elements of No. 1-No. 6 are
the multichannel elements following the polarizing beam splitters, the 64 channels
are constructed. The passband of the filter are shown in Table 3. The half-widthes
in 6563 A, 5250 A and 3933 A are 0.05 A, 0.03 A and 0.014 A respectively. Each
element is universal element with achromatic compound waveplane of MgF2 and
quartz or PVA. The total transmittance including KD*P, prefilter and interference
filter is about 3%-5%. The elements of No. 7 and No. 8 are attachment elements
which are used for match with the prefilter. It is possible to develope a 256-channel,
by means of additional polarizing splitters.

3. Off-Axis Effect and Means of Treatment

The off-axis effect of Lyot's I-type wide field of view element is as follows. (Lyot,
1944)

N-No = N0 0 - ) = -,4X1_ (3.1)

where N0 is interference order on axis, 0 is incident angle, V is interference order
on 0. For calcite, w=1. 6 6 2, E=1.489. M=0.1 7 3 at 5576 A, N0 of No. 1 element is
about 71432.

N - No = 75192 (3.2)

The incident angle ý6 is dependent on positions of use of the filter. At present, the
commercial CCD cameras with 8.8x6.6 mm 2 target area and 512x512 pixels are

considered. When a 4' x 3' and 1V2 x 0.'9 of solar region are reciepted respectively,
the sizes of solar disc are 70 mm and 235 mm, corresponding to focus distance of
752 cm and 2524 cm of the telescope, each pixel is corresponding to 0."47 x 0."35

and 0."14 x 0."10 of solar size*, The former is corresponding to a general good
seeing condition on the base-ground, the later to an excellent seeing condition
or space condition. The varied apertures of the telescopes, the selected two focus
distances and convergent or collimated beans are considered. The cemputed results
are shown in Table 3. In convergent beam, the spectrograph is not used for large
field of view (4' x 3') in principle. However, it is able to be used for 60 cm aperture
of the telescpoe for small field of view (V.'2 x 0.'9). If the former four elements
are in collimated beam, it is able to be used for 60 cm aperture for the large field
of view, and for 200 cm for the small field of view. That is direct to the present
consturction of the spectrograph which the former four elements are in collimated
beam.



120 Al G,

VI,

3: Laateatlts fle

1 te tJrptcal of 11 - 'IZ

(*I the 511eech liamwe

let the divatph Olient

Fria.7 The effect of the prefilter



2-D Real Time Polarimetric Spectrograph with 64 Channel

Table 2

The Elements of the Filter

Thick. Interference Order Thick.of the
No Material (mm) Counter Widefield Por C" at 5576 A Element(mm)

1 Calcite 230 1 Yes P 71432 298
2 Calcite 115 2 Yes P 35716 174 642.25
3 Calcite 575.5 4 Yes P 17858 116.S!

4 Calcite 28.75 8 Ycs P 8929 53.751
5 Calcite 14.375 16 Yes C 4464.5 119.3
6 Calcite 7.1875 32 Yes C 2232.25 66.19139

Calcite 3.5938 64 Yes C 1116.125 27.6 p33.97

8 Calcite 1.7969 64 No C 558.0625 20.8
9 Quartz 8.858 7 No C 291 175

10 KD-P 2.0 6 Yes C 60.

P: in collimated beam
C: in convergent beam

Table 3
The Passband of the Filter

Interference Half-width of Spectral Spectral Half-width of
Wavelength A Order Passband A Resolution Range A Interference Filter A
6562.808 50476 0.0500 131256 3.200 50
6302.499 62225 0.0454 138822 2.906 45
6173.341 63683 0.0433 142571 2.772 43
5889.979 67138 0.0389 151413 2.487 39
5875.650 67320 0.0380 152219 2.473 39
5576.099 71432 0.0342 163044 2.190 34

5324.191 75342 0.0306 173993 1.961 31
5250.216 76580 0.0296 177372 1.897 30

5247.060 76631 0.0296 177266 1.894 30

5183.618 77715 0.0287 180614 1.839 29
5172.699 77906 0,0286 180864 1.830 29

4861.342 83742 0.0254 191391 1.571 25
4685.682 87431 0.0224 209182 1.432 22

4340.468 95964 0.0184 235895 1.175 18
4226.728 99238 0.0171 247177 1.096 17

4101.748 103046 0.0158 259604 1.012 16
3968.470 107469 0.0144 275588 0.924 14
3933.664 108748 0.0141 278983 0.901 14

4. Prefilter

Because the passbands of the spectrograph are continuous distribution along the
the spectrum, the prefilter is common to all of passbands, so the prefilter has to
have a square peak transmission band. If the Lyot element was used, the different
transmittances and the different stray light would be appeared in the the different
channels, The prefilter is a Solc filter with 7 pieces of quarts with same thickness
and the tapering angle different distribution (Solc, 1965; Fredge and Hogbom,
1971). So the prefiter has a plane top of transmission band. The transmittance
difference among 64 passbands are about ± 0.005. The transmission profiles of
the filter are shown in Fig. 7. The prefilter is also universal filter from 3900 A to
750 A.
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Table 4
The Parameter to Use of the Spectrograph

Convergent or
D' F* Paralle Pencil N-No Aperture S/N

of Rays Calcite
C 68.6'" 0.30 4 35 mm 1:1

752 cm P, 11, 27.5' 0.049 33x33 1:1
30 cm C 20.4' 0.027 4 15 0.3:1

2524 cm P, 11, 8.3' 0.0044 29x29 0.3:1

C 91.4' 0.54 443 1.3:1
752 cm P,15, 37.5' 0.091 34x34 1.3:1

40 cm C 27.2V 0.048 421 0.4:1
2524 cm P, 15, 11.3' 0.0082 29x 0.4:1

C 114' 0.85 451 1.7:1
752 cm P,18.5, 46.3' 0.139 36x36 1.7:1

50 cm C 34.1' 0.075 423 0.5:1
2524 cm P, 185,13.9' 0.013 30x30 0.5:1

C 137' 1.22 459 2:1
T52 cm P, 24, 60' 0.234 36x36 2:1

60 cm C 41' 0.108 425 0.6:1
2524 cm P, 24, 18' 0.021 29x29 0.6:1

C 183' 2.17 4,70 2.7:1
752 cm P, 35, 87.5' 0.49 39x39 2.7:1

80 cm C 55' 0.19 430 0.8:1
2524 cm P, 35, 26.3' 0.045 28x28 0-8:1

C 229' 3.39 491 3.3:1
752 cm P, 40. 100' 0.65 44x44 3.3:1

100 cm C 68' 0.30 435 1:1
F2524 cm P. 40 30' "0.058 31x31 i:I

C 274' 4.S9 4107 4:1
M52 cm P, 48, 120' 0.94 48x48 4:1

120 cm C 82' 0.43 440 1.2:1
2524 cm P, 48, 36' 0.084 32x32 1.2:1

C 343' 7.63 4131 5:1
752 cm P, 60, 150' 1.46 53x53 5:1

150 cm C 102' 0.68 4-47 1.5:1
2524 cm P, 60, 45' 0.13 33x33 1.5:1

C 457' 13.57 4170 6.7:1
752 cm P, 80, 200' 2.59 62x62 6.7:1

200 cm C 136' 1.20 458 2:1
2524 cm P, 80, 60 0.23 36x36 2:1

C 571 21.2 421 8.3:1
752 cm P, 100, 250 4.06 72x72 8.3:1

250 cm C 170 1.88 4670 2.5:1
2524 cm P, 100, 75 0.37 39x39 2.5:1

* D: aperture, F: focus distance
* 11: angula magnification

* Maxmum of incident angle
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5. Achromatic KD*P Modulator
An achromatic polarimatric analyser consists of an achromatic KD*P modulator
and two pieces of achromatic quater-wave planes. The achromatic KD*P mod-
ulator consists of three groups of KD'P modulators. Each group has two KD*P
with crossing optical axes each other and a sandwiched achromatic half-wave plane
which is compound wave-plane of magnesium fluoride (MgF2) and quarts, so it
is a wide field of vicw. The achromatic KD*P modulator is a Pancharatnam 's
achromatic electric controlled wave plane (Pancharatnam 1955). The first and the
third KD'P groups have 6=±115° phase difference, the second one has ±180°phase
difference. In the first and third group, the optical axes are parallel. The angle
difference of optical axes between the second and the first one is 70°13', the retar-
dation is of the modulator is :45*. The modulator is able to be used from 3900
A to 7500 A. the modulator is same as one for the Solar Multichannel Telescope
for simultaneous vector magnetic fields in the different lines on the different solar
layers.

6. Three Types of Usage Modes
A. The usage mode for a single line and vicinal spectrum. When a previous
interference filter is selected, any solar line from 3900 A to 7500 A can be observed.

B. The usage mode for simultaneous multi lines. The channes of the spectrograph
can be adjused to any places in the intervals of the maxmrnum transmission of the
prefilter, so a lot of line profiles can be simultaneouslly observed. In this case, a
lot of interference filters following the eighth elements will be substituted for the
interference filter in the front used for single line.

C. The usage mode for simultaneous 64 lines. The 64 interference filters may be
needed, one channel one line.

Because the Maxmuln transmnission interval of the prefilter is 1 of the whole width
4

of the prefilter, so each time 1 of all lines from 3900 A to 7500 A can be selected
for simultaneous observation.

IV. Machinery Structure and Supplementation to Temperature Change

1. Machinery

The machinery structure consists of four components: the crystal cell, the.ceU of
polarizing beam splitter lthe rotating device and the end closure. The all compo-
nents are cordivood module to change any place and direction. So the machinery
struction is very simple and very convenient to assemble, adjust and modify. For
example, to increase up 256 channels or to decrease down 8 channels are very
simple things. The total weight of the spectrograph is about 15-20 kg.

2. The Mean of Supplement to Temperature Change

In traditional filter, there is thermostat with accuracy from 0.01 C up to 0.°01 C.
A thermostat with 0.*01 C for the spcctrograph is very complex and very difficult,
because each element of the spectrograph can be adjusted in the passband. A
supplement system to temperature change is instead of the thermostat. By means
of the platinum resistance thermometer with 0.'01 C of accuracy, the computer
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can be used for controlling the stepping motor to ratating the half wave plane or
polaroid to change the passband for supplement to the temperature change.
In general, the spectrograph is used in a room similar to room of grating spectro-
graph, the change of the temperature is not fast, so the supllementation is easy.
If the spectrograph is needed to attach to a telescope, a preliminary thermostat
with +5" C accuracy may be needed.

V. Prospect

Design of the spectrograph has been completed, needed calcite and quarts have
been obtained. The manufactory will be begun in the end of this year. It will be

-completed in the end of 1992 in plan. As our observatory shortages ehough CCD
cameras, interference filters, TV record and image processors, it is expected that
the cooperations of both manufactory and observation among our observatory and
other observatories in aspects of both ground-base and space-base. It is a thought
that the spectrograph will be used for a portable attachment device conbined with
world famous solar telescopes, for example, the Sacramento Peak solar telescope,
LEST, and Hido solar telescope for observing interesting project.

This work has been supported by Chinese Academy of Sciences and NSFC. It is
my pleasure to thank the support of both international travel and attending the
meeting from American NSO and ONR/AFOSRIARO-FE.
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Discussion

S. Koutchmy: I think your wonderful instrument should not be called a spectrograph because it is nu,
looking or analyzing a spectrum; it should be called a filter or an "imaging monochrometer" Canl your
64-channel instrument be designed in 3 dimensions instead of being confined to a plane?

Ai G.: A spectrum is the distribution of the intensity of light in wavelength. Because the channels are
arranged as a distribution in wavelength it is called a spectrograph. From the intensity I(.. y) in wavelength
A, the spectrum I(z,y,A) can be obtained. In practice, the construction of the 2D spectrograph is a 3D
construction; it requires 6 directions to arrange the channels.

J. Harvey: You have been very successful in building birefringent filters in the past. But obtaining a higfi
quality piece of calcite of length 23 cm must be a problem. Have you found a good source of such rare
calcite?

Ai G.: The thickest element is the Lyot I-type wide field element, which consists of two half parts, whose
axes are vertical to each other. We just need 115 mm of calcite, 6 cm of calcite having 37 x 37 mm"2 area
have been obtained. Two pieces of about 6 cm long calcite will be combined for both halves of the thickest
element.

J. Stenflo: What kind of data handling system do you plan to use to process the data from the 64 CCDs?

Ai G.: In some sense, the 2D real time spectrograph is a spectrograph in the computer. Indeed a very
powerful image processing system is necessary at present. There are two ways to resolve the problem: One is
that we first use only a few channels. The other is that a new multichannel image processor will be aý ailable.
We will consider buying such a new system.
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High Spatial Resolution Polarimetry using Filtergrams

C. U. KELLER

Institute of Astronomy

ETH-Zentrum, CH-8092 Zdrich, Switzerland

Stumnary: Using tunable filters at the Sacramento Peak Vacuum Tower Telescope Stokes V images of various
solar magnetic features have been observed. Simultaneous recording of left and right circular polarization leads to
high spatial resolution magnetograms. Various instrumental effects of these observations are discussed in ,leýtui
A penumbra near disk center shows small-scale features in the magnetogram which are correlated wkith zhe hbrligh

filaments. To derive the magnetic field strength Stokes V images in the wings of Fe [5247.1 A and Fe .35250 2 A
have been analyzed in terms of the magnetic line ratio technique. Whenever a measurable amount of polarization is
present, the distribution of the observed magnetic line ratio is compatible with a unique value of the magnetic field
strength of about 1000G at the level of line formation.

1. Introduction

The sun provides us with a variety of small-scale structures associated with strong magnetic fields, e.g. penumbral
filaments, umbral dots, and facular points. To explore their origin, morphology, and dynamics we need to know.
among other parameters, their magnetic field configuration. Since their spatial scale is intrinsically small, high spatial
resolution polarimetry in Zeeman sensitive spectral lines is required. Polarimetry using spectrographs has been carried
out for a long time to obtain maps of the circular polarization over large areas at moderate spatial resolution. An
improvement of the spatial resolution and the overall quality was achieved by using tunable filters (e.g. Harvey.
1963: Beckers, 1968: Hagyard et al., 1982; Title et al., 1987; Lundstedt et al., 1990). The polarimetric sousitivitV
is considerably improved by recording both polarization states simultaneously (e.g. Beckers. 1968: Lunskt,edt et rd..
1990). In Sect. 2 high spatial resolution magnetograms are presented, which have been obtained with a .imilar setup
as the one used by Beckers (1968).

Since magnetograms are sometimes far from being a good measure of the magnetic flux or the field strength it
is indispensible to combine magnetograms at various wavelengths to obtain reliable information about the magnetic
field. Previous measurements of the magnetic field strength outside sunspots had a low spatial resolution of typically
a few arcsec, so that they averaged over many individual magnetic elements. It has been argued (e.g. Semel, 1986)
that the almost unique value of the field strength measured by several authors may in fact be due to the averaging
over a wide distribution of field strengths in the different magnetic elements, or within a single magnetic element. By
using filtergrarns two-dimensional maps of the magnetic field strength are obtained, so that if any reliable variation
of the field strength is observed, its spatial distribution, correlation with magnetic flux or continuum intensity etc.
can be derived. In Sect. 3 a method to obtain high spatial resolution magnetic field maps is described and applied to
filtergrams.

2. High spatial resolution magnetograms

2.1. Observations

The data have been obtained with the Vacuum Tower Telescope (VTT) of the Sacramento Peak Observatory (SPO)
in combination with polarization analysis optics and the Universal Birefringent Filter (UBF). The analyzer package in
front of the UBF consists of an achromatic quarter-wave plate, a double calcite polarizing beam-splitter, and another
quarter-wave plate to balance the intensity of the two beams leaving the UBF. The UBF provides a filter profile full
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width at half maximum of 65nmA at 5250 A. After the UBF the two beams are focused onto a CCD camera with a

pixel size corresponding to Wf'1. It is important to note that the complete polarization analysis is performed before

the beam enters the UBF, whose polarizing characteristics are thus irrelevant. The retarder and the beam splitter

produce two parallel output beams, corresponding to Stokes I + V and I - V. The sum of the two beams gives

Stokes I whereas the difference yields Stokes V. Since the two orthogonally polarized images are recorded strictly

simultaneously seeing effects are identical in both of them and do not produce any spurious Stokes V signal. The

magnetogram is represented by Stokes V divided by Stokes I and will henceforth be called Stokes V/I.

From the large number of images obtained with this set-up selected frames are presented with exposure times of

0.5 sec at -50 mA from the center of Fei5250.6A . This avelength position has been chosen because of the Stokes V

asymmetry which leads to larger Stokes V signals in the blue wing as compared with the red wing (Stenflo et al.,

1984). Fe 15250.6 A has the advantage over the well-known line Fe 15250.2 A that it is less sensitive to temperature
variations and shows no molecular blends in sunspots while still having a sizeable Land6-factor of 1.5. Low spatial

resolution observations of plages have indeed revealed that both lines exhibit similar Stokes V amplitudes (Stenflo
et al., 1984; Solanki et al., 1986). Flat field frames have been obtained by moving the telescope over the quiet sun

near disk center while leaving the optical set-up unchanged. Furthermore frames with a standard USAF three bar

test chart in the focal plane have been recorded for measuring the displacement vector of the two beams. The data

presented in this work was recorded on 23, 24, and 25 September 1988 in active region SPO 7740, which showed a

large spot, numerous pores, and extended plages.

2.2. Instrumental effects

For the interpretation of the measured polarization it is important to consider possible instrumental effects and
estimate their contribution and relevance. Here optical distortions, instrumental polarization and phase retardations,

as well as spatial and spectral stray light are considered. The rms noise in the magnetograms is determined from the
fRat field image sequences and amounts to 0.7%, which corresponds to the noise expected from the photon statistics.

Residual displacements between I + V and I - V due to spatial and temporal variations are smaller than 0'!01.

The maximum intensity gradient is about 10% over 1" leading to a maximum error in Stokes V/I of 0.1%. which
may be safely neglected. Since Stokes I to Stokes V conversion due to the polarizing properties of the instrument,

instrumental depolarization, as well as polarized stray-light do not produce artificial spatial structures in Stokes V1I
they are not considered any further. Because Stokes Q and Stokes U seldom exceed 20% near disk center and the

cross-talk between linear and circular polarization is less than about 10% an upper limit to the influence of phase
retardations of 2% in Stokes VII is expected.

Seeing does not affect Stokes I and Stokes VII in the same way, although Stokes I and Stokes V are affected in

the same manner. This can be easily seen from Eq. (1)

V (x) f V'(y)S(Y - y)dy
f I'(y)S(x - y)dy

where I and V are the observed Stokes parameters, P' and V' the intrinsic Stokes parameters, and S the instantaneous

point spread function. It is easily noticed that Stokes V'/I' is not equal to V/I as long as V' and IP are not

proportional. The most simple example showing the influence of seeing on VII is unpolarized spatial stray-light
(Solanki, private communication). The panel at the top in Fig. 1 shows Stokes I with and without stray-light
(dashed and solid lines respectively). Since we deal with unpolarized stray-light Stokes V is not affected (middle
panel). The panel at the bottom shows the resulting Stokes V/I_ signals. This explains how seeing can create features

in a magnetograrn, although it can not produce a magnetogram signal without intrinsic polarization. An upper limit

for spatial stray light is obtained from the darkest parts of an umbra and amounts to 15%. Due to a damaged UBF
prefilter spectral stray light amounts to about 50% in these observations. The leakage is dominated by continuum

radiation which lacks significant polarization. Although the spectral stray light does not produce artificial Stokes V
signals the observed Stokes VII signal is underestimated by a factor of about two.
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Fig. 1 The influence of unpolarized spatial stray-light on Stokes V/[. The panel at the top shows Stokes I with and

without stray-light (dashed and solid lines respectively). Since stray-light is assume.] to be unpolarized Stokes I is

not affected (middle panel). The panel at the bottom shows the resulting Stokes V/i. This explains tow stray-Iight

can create features in a magnetogram.

2.3. Results

In Fig. 2 part of the penumbra of a circular sunspot near disk center is shown. The left panel displays Stokes I while

the right one displays Stokes V/I. The dark areas indicate small circular polarization while bright areas correspond

to large circular polarizations. High frequencies dominated by noise as well as low spatial frequencies have been

attenuated in these figures to enhance the visibility of small-scale structures. The small-scale structures in Stokes I

as well as in Stokes VII indicate the achieved high spatial resolution. A power spectrum analysis of Stokes I and

Stokes V/I shows that spatial wavelengths down to about 0'!5 contain signal. The most surprising feature in Stokes

V/I is the filamentary structures, which are correlated with bright filaments.

Figure 3 displays a vertical cut through the images in Fig. 2. Since the variation of Stokes V/I is on the order of

a few percent and even stray light of 30% cannot explain the observed variation instrumental effects can be excluded.

Nevertheless this does not at all imply that these variations are associated with variations of the magnetic field.

General profile changes in the filaments, which are expected from the greatly different temperature structures as

well as Doppler shifts (e.g. Evershed effect), can easily produce such variations of the circular polarization at a fixed

wavelength position. Since there do not exist any further observational constraints a quantitative interpretation

cannot be done at the present time.

A small sunspot with light bridges (Fig. 4) shows the problems involved with the interpretation of magnetograms.

Although it is well-known that the magnetic field is strongest in the umbra the polarization signal does not reach its

maximum there, but in the light bridges. This is caused by the Stokes V maxima being more separated in the cool
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Fig. 2 Part of a penumbra of a circular spot near disk center. The left panel shows Stokes I and the right one Stokes

VII (dark areas indicate small circular polarization while bright areas indicate large circular polarization). The large

tickmarks have a separation of 1". A Fourier filter has been applied to suppress noise and enhance small-scale

features. Note the filamentary structures in Stokes V/I, which are associated with bright filaments.
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Fig. 3 Vertical cut through the penumbra shown in Fig. 2. The solid line is Stokes 1 , the dashed one Stokes V'/i
Note the high correlation between Stokes I and Stokes V/I.
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Fig. 4 Umbra and penumbra of a small sunspot near disk center. The left panel shows Stokes I while the rN4h1

panel shows Stokes V/I. The applied image processing is the same as used for Fig. 2. Note the light bridges and the

umbral dot showing large amounts of circular polarization.

umbra with high field strengths than in the light bridges with their hotter gas and probably lower magnetic field

strength. Again the large amount of stray light needed to explain the observed variation in Stokes V/[ is unrealistic

Note that the upper light bridge is composed of two granule like features, which show strong polarization signals.

3. Magnetic field strength determination

Numerous techniques have been developed to derive the intrinsic magnetic field strength of unresolved features, but

most of them require spectrally resolved Stokes I or Stokes V profiles. A large number of filtergrams are required

to obtain spectrally resolved line profiles for each spatial resolution element, which makes it very difficult to record
all the filtergrams within a period within which the observed solar structure itself has not changed significantly. In
contrast the magnetic line ratio technique developed by Stenflo (1973) allows magnetic field strength determinations

from a small number of filtergrams. The magnetic line ratio is formed between the Stokes V signals of Fer 5247.1

and Fe 1,5250.2 A divided by the ratio of their Landi factors

V (, (Fel 5250.2 A) - AAv + AAF)
rm(AAV,.AF) = 1.5 V (A' (Fel 5247.1 A) - AAv + Aap) (2)

V is the Stokes V signal as a function of wavelength, AI is the wavelength of the average Stokes I line center (averaged

over the whole observed area), and AAv is the Doppler shift of the Stokes V profile with respect to A, in a single
resolution element. WAF is the filter passband position with respect to A\. In this expression Stokes V should be
thought of as having been convolved with the filter profile.

Since the two lines have nearly identical atomic parameters except for their Landi factors (g = 3 for Fe 15250.2 A,
g.fr = 2 for Fe 15247.1 A), the magnetic line ratio is almost completely insensitive to all atmospheric parameters except
for the magnetic field strength (assumed to be height independent for the present analysis), the angle of inclination

between the magnetic field vector and the line-of-sight, turbulent velocities, and Doppler shifts AAv. All these

parameters may vary from one resolution element to the next. The magnetic line ratio is unity for weak fields
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surrounding plages, and some quiet regions. The images have been corrected for the dark .:urr-int an-,t 'i.
of the CCD camera, and differential geometric distortions have been removed.

A frame of about 8" by 9" has been extracted from the whole field of view for further anaI Its. 1t , -

of a sunspot at the lower boundary as well as a small pore surrounded by a strong. unipolar plage isee Fi; 6-- t
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Fig. 5 a: Observed magnetic line ratio at -40 mA from the average Stokes I line center versus the normalized
Fe 1 5250.2 A Stokes V signal. Points with a Stokes V signal smaller than 4% have been omitted, since noise dominates
at these low signal values. Each point in this figure corresponds to one pixel in the plage frame. b: Simulation of
Fig. Sa assuming a constant magnetic line ratio of 0.75 and Gaussian noise with a standard deviation of !0(7 in the
individual normalized Stokes V signals.

3.2. Magnetic line ratio

Figure 5a shows the magnetic line ratio at A•AF = -40 mA versus the modulus of the Fe t5250.2 A Stokes V signal
at AA, = -40 mA. Each circle in the figure represents one pixel in the frame. Pixels with a Stokes V signal smaller
than 4% have been omitted because of their small signal to noise ratios. The average value of the magnetic line ratio
appears to be relatively independent of the Stokes V signal while the scatter increases considerably with decreasing

Stokes V signal.
Figure 6 shows maps of various parameters, i.e. the modulus of the Fei5250.2A Stokes V signal at AFr

-40 mA (Fig. 6a), the magnetic line ratio at AAF = -40mA (Fig. 6b), the continuum intensity at .5248.8 A (Fig- 6c),
and the ratio between the AAp = -40 mA and AAF = -80 mA positions of the Stokes V signal of Fe 15250 2 A
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Fig. 6 Four images showing different aspects of a unipolar plage region. It includes a pore and parts •t

sunspot which are surrounded by small-scale magnetic fields. The size of the frames is 8" by 9". The numbers in

parentheses indicate the values of black and white in the corresponding frames. a Normalized Stokes V frame of

Fe1.52-50.2A at AAF = -40mA (0%, 20%), b magnetic line ratio at AAF = -40rma (0, 2). c contrast in the true
continuum at 5248.8 (-10%, 10%), d ratio between the Stokes V frames at AAF = -80 OmA and 1AF = -40 mA
of the Fe15250.2 A line (0, 1).

(Fig, 6d). Whenever a measurable amount of magnetic flux (Fig. 6a) is present the magnetic lino ratio shows no
particular features that could be associated with structures in the continuum (Fig. 6c) or the Stokes V signal (Fig 6a)
However, it does show random, small-scale variations, reflecting the scatter seen in Fig. 5a.

Part of the variation of the magnetic line ratio might be due to changes in the shape of the Stokes V profiles or
due to local Doppler shifts. This can be tested by looking at the ratio between the Stokes V frames of Fe i 5250_2 A
at -AAF = -40rA and at ,-AF = -80nmA. If the shape and the Doppler shift AAv of the Stokes V profiles are
the same for all individual pixels, then this ratio (ie. V(,AAF = -80mA)/V(AA, = -40mA)) is expected to

be constant over the whole observed area. With considerable random scatter this is basically the case, with the
exception of the sunspot (Fig. 6d). The enhanced value of this ratio in the sunspot indicates that the Stokes V signal
at A•.F = -80 rnmA is enhanced over the Stokes V signal at AAF = -40mA as compared with the ratio outside of the
sunspot and indicates that the measured magnetic line ratio cannot be used to determine the field strength there.
The main effect is due to the extreme temperature sensitivity of these two very low excitation lines. In a sunspot
these lines are sufficiently strong to develop sizeable wings. Since for a given field strength the magnetic line ratio
depends critically on the non-magnetic line width (Solanki et al., 1987), and the line width changes raoidly with
temperature for strong lines, the magnetic line ratio cannot be considered to be a temperature insensitive diagnostic

at penumbral or umbral temperatures. Another possible explanation for the enhancement of the AAF = -8O mA to
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-,F = -40nmA Stokes V signal is based on line shifts caused by the Evershed flow

3.3. si.Smulailon

There are several possible sources of the scatter in the magnetic line ratio seen in Fig 5a. These include phutot A10
seeing noise, Doppler shifts. and a distribution of field strengths. For the present data the observed scatter , u; b-
explained in a natural way by a unique underlying magnetic line ratio which is randoml% blurred by uoise To e this

the observations are simulated in two steps. First synthetic Stokes V frames are created from the data without noise

which lead to an intrinsic magnetic line ratio of 0.75, a value expected for u = 0 49 and B = 2000 GC. Then random

noise with a position independent amplitude of 1% (corresponding to the photon and seeing nois, as dettrinlied
from two successive continuum frames) is added to the frames. By forming the ratio bhew",I, tihe t',wo s: t ,ttC.

artificially rendered noisy Stokes V frames a crude simulation of the observed line ratio distribution is obtained

The similarity between the observation (Fig. 5a) and the simulation (Fig. 5b) is astonishing. The observations are.
therefore, compatible with a unique value of the magnetic line ratio of 0.75, although a small dependence of the line

ratio on, e.g., the Stokes V signal cannot be ruled out.

3.4. Field strength determination

The observed distribution of the magnetic line ratio is compatible with a unique value. Consequently, our observations
do not contradict the concept of a relatively unique magnetic field strength at the level of line formation within small-
scale magnetic elements. However, to determine the value of this unique magnetic field strength, the line ratio must
be calibrated. In other words, since the magnetic line ratio is not only affected by the magnetic field strength, the
influence of other atmospheric and instrumental parameters on the magnetic line ratio need to be investigated to
accurately determine the field strength from the observed ratio. To numerically explore these dependences fluxtube

models have been used to represent the small-scale magnetic elements. Taking all influences on the magnetic line
ratio into account and using the plage fiuxtube model of Solanki (1986) with a field strength of 2000G at the level
of continuum formation within the fluxtube a line ratio of 0.75-±0.1 is obtained at A\F = -40 mA. The uncertainty
in the magnetic line ratio is due to the unknown Doppler shift AAv. filter profile shape. angle between the magnetic

field vector and the line of sight. and turbulent velocities which have been varied within reasonable limits. This result
conforms extremely well with the observed line ratio, indicating an intrinsic magnetic field strength of about 2000G

at r500o = 1. This is in excellent agreement with the results of Solanki et al. (1987) and Zayer et al. (1989), who
obtained similar values from low spatial resolution spectra (5-10") by using the same fluxtube models.

4. Discussion

Besides photon statistics, the dominant source of errors in the magnetogram observations discussed in Sect. 2 is due
to the separate beams and detector areas of the two polarization states. These uncertainties restrict the present

observational method to a polarimetric accuracy of about 0.2%. Magnetograms obtained from filtergrams are com-
monly recorded at a single wavelength position, i.e. in the wing of a Zeeman sensitive line. The observed polarization
signal, however, is sometimes far from being a good measure of magnetic flux or field strength. To derive reliable
information about the magnetic field from filtergrams it is indispensible to observe at various wavelength positions
in various lines. Only then can influences of the magnetic field be separated from Doppler shifts and spectral line

profile variations.

One example of such a multi filtergram analysis has been presented in Sect. 3. There the magnetic field strength
has been derived from high spatial resolution filtergramns using the magnetic line ratio technique. Within the limits
set by noise it was found that the observations are compatible with a unique value of the magnetic field strength

in small-scale magnetic elements, in agreement with Stenflo (1973) and Wiehr (1978). Thus even in high spatial
resolution magnetograms the signal level mainly reflects the variation of the magnetic filling factor and not the

magnetic field strength. The data, however, cannot rule out the presence of a certain amount of flux in weak field
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form, although it does not provide any positive evidence for such flux.
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Discussion

S. Koutchmy: I believe that unfortunately the stray light problem is indeed more complicated in case of
sunspot observations; for example most stray light effects in the core is produced by light (polarized) coming
from the penumbra and the spot is never axisymmetric nor at exactly the center of the disc. Further I wonder
why you made your life difficult working with CCD in blue region; from our experience with the UBF we
know it is better to work in red. Finally, concerning the surprising low level of polarization measured over
the core of a sunspot, we use another line (629.17 nm) and we got the same result as you, even with the best
spatial resolution.

C. Keller: I fully agree that reality is much more complicated. The case of unpolarized spatial stray-light is
just the most simple example you can think of. It is correct that the part of the spectrum has its advantages
when working with the UBF and CCD's. However, the line used in the present work is in the green where
fringes in the CCD are strongly reduced and the filter band-width is much narrower as compared to the red.
Concerning the low level of polarization in the umbra see the answer to J. W. Harvey.

S. Koutchuay: G. Stellmacher and I made a number of comparisons of strengths measured in 630.15 nm
(g - 1.5) and 630.25 nm (g - 2.5) and easily explained the (small) difference in apparent strengths we
measured by taking into account the effect of non-magnetic light scattered over the concentrated magnetic
field region which means something like a filling factor of 0.6 to 0.8; typical field strength over filigree features
were up to 1.5 kilogauss (Astron. Astrophys., 1978).

C. Keller: The present method is very suited for filtergrams since it uses just one position within two lines
each. This allows a large spatial coverage. Without going into the problems of the method of Koutchmy and
Steilmacher and their interpretation in terms of the magnetic field strength, the method requires spectrally
resolved profiles and is therefore not suited for filtergrams.
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Abstract

As part of the development phase of an imaging vector magnetograph we have tested at Big
Bear Solar Observatory a simple double band imaging linear polarimeter based on a magneto-
optical filter. An isolated sunspot was observed and the orientation of the field lines of the
penumbra are displayed. They show an evident cyclonic aspect. If it was caused by Faraday
rotation it would be consistent with the magnetic polarity (South) of the spot.

1. Introduction

Due to the enormous importance of measuring the solar vector magnetic field, a great
effort is being made by instrumentalists to build a suitable polarimeter able to achieve that goal.
These Proceedings are evidence of the interest now being devoted to this subject. Also, refined
theoretical models are necessary for a correct interpretation of the observational data.

In this short contribution we are showing a recent progress on a joint project (JPL-Caltech-
Univ. of Rome) with the final aim to build a flexible, compact, easy-to-operate and inexpensive
VECTOR MAGNETOGRAPH based on the combination of the magneto-optical filter (MOF; see
for ex.: Cacciani, 1967; Cacciani and Fofi, 1978; Cacciani and Rhodes 1985) and the videomagne-
tograph. This technology is capable of spectral resolution comparable to that of a spectrograph
and fair wavelength coverage (up to 5 spectral points simultaneously) along the solar line profile.

A further detailed analysis of the MOF technology is being prepared for publication, in-
cluding a theoretical study of the physical and spectroscopic behavior in comparison with spectral
scans made at JPL using a high resolution Tunable Laser. A preprint is almost ready and should
become available soon. Interested people can send preprint requests to A. Cacciani at his home
Institute using normal mail service or electronic mail through SOLAR (25000).

2. Instrumentation

In order to detect and measure the vector magnetic field on the sun, the MOF can be
used profitably in several ways. In this contribution we limit our discussion to the transverse
component of the magnetic field, as the longitudinal component has been measured with a MOF
at the 60-foot tower of Mt. Wilson Observatory and at Big Bear Solar Observatory.

" Presently at the High Altitude Observatory, National Center for Atmospheric Research.
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The simplest way to detect the Zeeman-induced linear polarization in a spectral line with
a-n MOF is to use it as a narrow-band filter tuned to a wing of a solar line. This way has bei-n
tested at Big Bear Solar Observatory and discussed in Cacciani et al., 1989. Good results have
also been obtained using a Lyot Filter, but its passband is not narrow enough to be able to isolate
different parts of the U and Q profiles so that the resulting integration over the polarized profile
leads to substantial cancellation of the linear polarization signal near the center of the solar line.
Moreover, only one wing of a fairly strong line can be used at a time.

As already mentioned our final goal is to be able to image five wavelengths simultaneously
with high spectral resolution. However limiting the spectral coverage to only two or three spectral
points may provide scientifically useful observations.

In this paper we show linear polarization measurements using a simple MOF cell that
gives two narrow transmission bands tuned to the far wings of the solar Potassium line at 7699 A.
In other words, we observe the two sigma components simultaneously in a plane of polarization
perpendicular to the field vector. This mode of operation is superior to the single-band mentioned
above as it gives a better signal, and with this method one may largely compensate for solar
doppler shifts. Moreover, it requires a single cell instead of two.

Figure 1 illustrates schematically the working principle of this double band linear polarime-
ter as used for the observations presented in Figs. 2.

Fig. I

I incoming solar profile

SK linear polarization modulator
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A next step towards a better spectral coverage is to provide a signal from all the Zeeman (r
- as well as a-) components simultaneously. This becomes necessary for quantitative measures of
the vector field, especially when the field to be measured is very low. The instrument consists of a
vapor cell in a suitable transverse magnetic field that reproduces a Zeeman pattern in absorption,
much the same as the one that occurs on the sun, except that the laboratory lines are much
narrower. The solar U or Q profile will then be absorbed or transmitted as a whole, according to
the relative orientation of the solar and instrumental magnetic azimuths. Similar considerations
hold for the measurement of the longitudinal field: in this case the use of a longitudinal magnetic
field (instead of a transverse one) is needed inside the MOF cell. The system is capable to measure
doppler shifts as well, so that in some way their effects can be taken into account.

3. Observations

The observations shown in Figure 2 have been taken at Big Bear Solar Observatory using
the existing acquisition system normally used for magnetographic observations with a Lyot Filter.
The MOF version discussed in Figure 1 has been installed and tested during the first two weeks
of August 1990. The line used was the Potassium resonance line at 7699 A. The sunspot shown
in Figure 2a was observed on August 15 and analyzed later (Figs. 2b, 2c, 2d) using computing
facilities at HAO.

The very same sunspot, observed one day later, has been analyzed at Caltech by H. Wang
and is shown in his contribution to these Proceedings. In comparison with his result, we find a
visible counterclockwise rotation of the polarization field lines approaching the umbra (Fig. 2d).
This could be simply a projection effect although the spot was close to the center of the disk (the
offset, in seconds of arc, from the center was only 129 toward East and 169 toward North); or
a real tilting of magnetic lines; or Faraday rotation of the linear polarization azimuth, although
Lites and Skumanich's work (1990) shows that a real azimuthal twist of the magnetic field should
be considered more realistic. However, the Faraday rotation cannot be excluded in our case since
the observed Potassium solar line has damping wings showing significant opacity; moreover it
turns out that the observed direction of rotation is in agreement with the magnetic polarity of
the spot.

4. Scientic Objectives

At this stage of the instrument development we think we already have a proper imaging
device to detect Zeeman induced linear polarization in the wings of the solar Potassium 7699 A
line. In the near future we plan to address several scientific objectives. Among them we would
mention the following:

a. investigate carefully the Faraday rotation in many isolated spots as they pass across the
solar disk. Sodium D lines also will be used since they have well developed wings,

b. study the relationship between the magnetic field configurations and flares (see also H.
Wang's paper in these Proceedings),

c. study the interaction between magnetic field convection (this study is to be developed in
conjunction with the SOT experiment on SOHO and headed by Dr. G. W. Simon of Sac
Peak Observatory),

d. search for weak (transverse) polar fields. This project will be headed by Dr. Roger Ulrich

of UCLA.
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Fig. 2a. Sunspot intensity map. Aug. 15, 1990 - 18:40 UT -129E,

168N (in seconds of arc). Shown in Figs. 2b, 2c, 2d are three
different ways of displaying its linear polarization field.
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Fig. 2b. Modulus of the linear polarization field.
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Fig. 2c. Azimuth of the linear polarization field - (black =-90,
white = +90 from the horizontal direction).
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Fig. 2d. Plot of the linear polarization field lines. Inside the
delimited region, close to the umbra, there is clear evidence of
anticlockwise rotation of the field lines.
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Ai G.: Which is stronger in longitudinal magnetic field, the bright filaments or the dark filaments ill
penumbra in your observing results?

C. Keller: Since the present observations have been obtained at a single wavelength position I can only
talk about polarization. In bright filaments I find larger circular polarization as compared to dark filaments.
This can be due to instrumental effects, spatial stray-light, or due to different line profiles, which is the mo~t
probable. We are far away from associating the variation of circular polarization with a variation of the
magnetic field strength.

M. Semel: What is the value of the constant field strength you found?

C. Keller: We find a field strength of about 1 kG at the level of line formation. At the level of continuum
formation this corresponds to 2 kG, as deduced from a simple flux tube model which explains the observed
line ratio. This takes into account the filter pass-band as well as the position on the solar disk.

J. Harvey: Your observation of low circular polarization in a sunspot umbra is puzzling. Is it possible that
telescope polarization, projection effects on the location of the filter passband could explain your observation"

C. Keller: The major effect is due to stray-light. The stray-light (unpolarized) is about 15%, which is by
a factor of 3 larger than the true intensity of the umbra. Therefore the polarization is underestimated by a
factor of three. It is true that the location of the filter pass-band was chosen for small-scale magnetic fields
and was therefore not optimized for the strong field of umbrae. This reduces the measured polarization
again.

J. Jefferies: How do you determine the field strength at the level of the continuum from your reference
which zives its value at the height of line formation?

C. Keller: We calculate different models of flux tubes which are parameterized by their field strength at
optical depth unity inside the tube. The field strength at the level of continuum formation is obtained from
the level which fits best the observed magnetic line ratio. This provides us with a value of the field strength
which is nearly independent of the lines chosen for the field strength determination.

K.S. Balasubramaniam: In calculation of the line ratio o',a, and hence the magnetic field from the Stokes
V of the two lines, is not there the possibility of still some scattered light since the V's of the two lines are
measured separately? Also would not it be worthwhile to consider that there would be "polarized" scatter
in each of Q, U, and V?

C. Keller: Since the two polarizations are not measured simultaneously there is additional scatter in or,, but
no unpolarized scattered light is present. Of course, Stokes V is affected by polarized stray-light. However,
circular polarized stray-light outside of sunspots is very small and does not affect o,, at the polarimetric
accuracy achieved in this work, i.e. noise is much larger than polarized stray-light.
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SUMMARY

We investigate systematic errors introduced in the calibration of a Stokes polarimeter when the
calibration optics deviate from ideal. To accomplish this, we employ a linearized treatment of the Mueller
calculus which allows for small and arbitrary imperfections in the Mueller matrices of the calibration

optics, as well as a small amount of polarization ii. the calibration light source. We find that half of
the response matrix elements contain systematic errors which can be related to imperfections in certain
elements of the Mueller matrices of the calibration optics.

I. INTRODUCTION

The response of a Stokes polarimeter to an input Stokes vector can be represented generally

by the matrix equation:
O=XS+b

where 0 is the observed instrument vector, S is the input Stokes vector, and b is the instrumental

bias vector. The matrix X, which we call the polarimeter response matrix, describes the trans-
formation of an input Stokes vector to an instrumental vector, and is a function of the physical
characteristics of the polarimeter and its electronics.

Polarimeter calibration is the process of measuring the instrumental bias vector and the

response matrix of the polarimeter. This is usually done by inserting calibration optics between
the light source and the polarimeter. Then the previous matrix equation is modified to:

o=XCS+b

where C is the calibration optics Mueller matrix, and S is now the Stokes vector of the calibration

light source.

The instrumental bias vector can be determined straightforwardly by blocking the light beam.

Then C is a dark slide with a null Mueller matrix, and measurement of 0 determines b. Hereafter,
we will assume the instrumental vectors are corrected for bias and omit the bias term in all

equations.

Determining the response matrix is not so simple. Ideally, this is accomplished by measuring
the instrumental response to pure Stokes vectors formed by CS, the calibration optics and light

source. For example, unpolarized light from the source with no calibration optics (C has unit

Mueller matrix) produces Stokes I and determines the first column of X. Likewibe, unpolarized

light fed into a linear polarizer at 0 and 45 degrees produces Stokes Q and U and determines

*Present address: Physics Department, University of Colorado, Boulder, Colorado.

tThe National Center for Atmospheric Research is sponsored by the National Science Foundation.
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tne second and third columns of X, while unpolarized light fed into a circular polarizer produces
Stokes V and determines the fourth column of X.

However, it is difficult in practice to generate pure polarization states because of imperfect io>m
in polarizing optics and light sources. An imperfect optical element is defined as one with a
Mueller matrix which is perturbed from the ideal representation for that element. An imperfect
light source is defined as one which produces light which is slightly polarized. Calibration can
be accomplished even if the generated Stokes vectors are not pure, but are known. In this case.
difficulty arises because we do not know the Stokes vector of the calibration light source in
the absence of a calibrated polarimeter; also, it is difficult to know the Mueller matrices of the
calibration optics precisely except for the cases of dark slide and clear.

This imprecise knowledge of the polarization form of the calibrating light beam will produce
systematic errors in the measured polarimeter response matrix. The purpose of this paper is
to estimate the magnitude of these systematic errors as a function of the imperfections of the
calibration optics and light source.

II. METHOD

The approach we have chosen is to start with the calibration equation:

0 = XCS

and linearize the response matrix, calibration optics Mueller matrix, and light source Stokes
vector. Then X = Xo + dX, C = Co + dC, and S = So + dS. That is, we model these elements as
the sum of an ideal term and a term representing small imperfections. The terms with the zero
subscript, or zero'th order terms, are assumed known and are given by the ideal representation for
these elements. The first order terms are unknown and represent small imperfections. Since we
need to create nearly pure Stokes vectors to perform calibration efficiently, this approach seems
reasonable. The calibration equation becomes:

0 = (Xo + dX)(Co + dC)(So + dS)

which simplifies to:
0 = XoCoSo + XoCOdS + X 0dCS0 + dXCoSo

after multiplication, and neglecting second order and higher terms.

Similarly, the source Stokes vector is modeled as the sum of an unpolarized component and
a first order polarization imperfection vector:

-1 I- 01
so = 1 0 dS = I dQ

0 dU
dV

Note that we have assumed that the intensity I is well determined, and have omitted the
imperfection term dI in the source Stokes vector.

We assume that the calibration optics C are either a linear polarizer P or a linear polarizer
followed by a retarder R. Also, we assume that either can be rotated in the beam, and that both
are homogeneous. Then:

P(8) = Po(8) + dP(9)
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where 0 is the angle of the polarizer axis, and:

-1 0 0"0 dP12  dP13  P4
1 10 0 dP(OO)= dP21 dP2 2 dP 23 dP24

Po(O0) = 0 0- dP31  dP3 2 dP3 3 dP3 ,

[0 0 0dP 41 dP 42 dP 43  dP44 J

multiplied by the polarizer transmission tp/2. We also assume that the polarizer transmission is
well determined, allowing us to omit the 11 term in the imperfection matrix.

Likewise, the calibration retarder R can be represented by:

R(O) = R0(k) + dR(e)

where 0 is the angle of the retarder fast axis, and:

-1 0 0 0 -0 dR12  dR13  dR14

1 0os 0 dR(O) = 0 d.21 dR22 dR 23  dR 24
0 -00cos 6 sisi 6 [dR31 dR32 dR33 dR34

.0 0 -sinb cos6 dR41 dR42 dR43  dR44

multiplied by the retarder transmission t4. For efficient calibration, we know that the retardance
S-, ir/2. Again the 11 term in the imperfection matrix has been omitted.

Remember that a Mueller matrix M at an arbitrary angle is given by:

M(O) = R(-0)M(0O)7Z(O)

where:

1Z(0) 0 c2 s2 0
[0 -2 c

and c2 = cos(20) and s2 = sin(20).

Also, we assume the response matrix is nearly diagonal:

rX11 0 0 0 1FdX 11  dX 12  dX 13  dX 14 1
Xo 0 X 22  0 0 I dX 21 dX 22  dX 23 dX 240 0 X 3 3  dX0 dX3 1  dX 3 2 dX 33  dX 3 4

0 0 0 X44 . L dX 4 1 dX 42 dX43  dX 44 J

The results which follow pertain to the class of Stokes polarimeter with a nearly diagonal re-
sponse matrix; in addition, the results from a response matrix with a significant 12 term are also
presented.

III. ANALYTIC SOLUTIONS

Given the above assumptions, we can now generate a set of hypothetical observations and
solve the linearized calibration equation. It is our goal to solve for the response imperfection

matrix dX. Rowever, we would also like to solve for the light source imperfection vector dS and
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the calibration optics imperfection matrices, dP and dR, as a check on our assumptions and as a
test of the quality of our optics.

Note that implicit to this technique is the assumption that the calibration optics are rotated to
produce polarization states. This rotation provides additional information to help us differentiate
between polarimeter crosstalk and imperfections ta the polarization form of the calibrating light
beam. If different optics with a different set of imperfections were alternately inserted into the
beam, this would not be possible.

We define the observed Stokes vector in terms of four observed quantities:

We can insert and rotate hypothetical calibration optics in the beam and observe the in-
strument vector as a function of the angle of the calibration optics. One method of solving the
equations, which is independent of the measurement angles, is to Fourier decompose the observed
instrument vector in 0 and 4. We present in Table 1 the results of the decomposition for the case
of the calibration polarizer only. A factor of Itp has been omitted.

Some of the imperfections for which we can solve are apparent from inspection of Table 1.
For example, the i equation for the DC component allows the solution of dX11 , the q and u
equations for the cos 40 component allow the solution of dQ and dU, the v equation of the cos 29
component allows the solution of dX 42 , etc. We can decompose the instrument vector for the
case of calibration polarizer and retarder together, by positioning the retarder at 'Various angles
(eg. 0, 45, 90, degrees) and Fourier decomposing in the polarizer angle as before.

TABLE 1
Fourier Decomposition of Observed Instrument Vector

Polarizer Only

D.C.:
i = X 11 + dX 11

q = 1/2X 22 dQ + dX2 1

u = 1/2X3 3 dU + dX31
V = X 44 dP 4 1 + dX 41

cos 20: sin 20:
i =X1 dQ + dX 12  i =Xj1 dU + dX 13
q = X 22(1 + dP 21) + dX 22  q = -X 22dP31 + dX 23
u = X 33 dP31 + dX3 2  u = X 33 (1 + dP2 1) + dX 33
v =dX42  v =dX43

cos 40: sin 40:
i=0 i=0
q = 1/2X 22 dQ q = 1/2X 22 dU
u = -i/2X3 3 dU u = -1/2X 33 dQ
V=0 v=0
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We find that it is not possible with the above assumptions to solve for all of the imperfection
terms in either the response or calibration matrices, or in the source Stokes vector. Adding
observations with the retarder alone does not allow the solution of any more imperfections.

Specifically, the results for the case of polarizer alone and polarizer followed by retarder are
that the equations allow for the solution of dQ and dU, but dV cannot be separated from the
term dR3 1/sin6. Also, we can explicitly solve for about half of the response matrix elements,
with the remainder coupled to calibration optics imperfection terms. The following is the matrix
of errors to the response matrix:

0 0 0 -Xl 1 dR13/sinb
I X 22dP21  X22 dP31  0

X 33dP31 X 33 dP21  0
-X44dP41 0 0 X,44dP21 - X44 dR43 / Sin b

The terms with 0 error are those response matrix imperfection terms for which the equa-
tions allowed explicit solution. The non-zero terms are coupled to the imperfection terms of the
calibration optics. They represent systematic errors to the response matrix if these calibration
optics imperfections were unknown and assumed zero. Also, the retarder imperfection terms
dR12, dR21, dR22 and dR3 3 are the only calibration optics imperfections which could be solved
fox. Unfortunately, these terms do not help to decrease the systematic errors in the response
matrix.

The above calculations were repeated for the case where the response matrix term X12 is
significant, as in a single beam polarimeter. In this case the response matrix systematic errors
become:

0 Xi 2dP21  X 12 dP3 1  -XldR 13 /sinb
0 X 22 dP21  X2 2dP 3 1  0

X 33dP31 X 33 dP2 1  0
-Xt44dP41 0 0 X 44dP 21 - X44dR43 /sin b

Note that now two additional terms have systematic errors.

IV. SIMULATIONS

Using a non-linear least squares fitting program, we investigated numerical solutions of the
calibration equation:

0 = XCS

Our goal was not to simulate actual calibrations of a polarimeter but rather to examine mathe-
matical consequences of linearizing the calibration equation.

In carrying out these computer simulations, the procedure was first to pick a response matrix
with which to generate mock calibration data. For this we chose the matrix for an ideal, one-
channel polarimeter with an 85-degree rotating wave plate, plus cross-talk terms on the order of
10-3.

r .0000 0.5436 0.0060 0.00901
0.0010 0.2906 0.0070 0.0011
0.0020 0.0040 0.2906 0.0012
0.0030 0.0050 0.0080 0.6342.

This response matrix remained fixed for all data generation. We then had a random-number
generator pick random imperfections for the calibration optics. These random numbers were
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distributed in a Gaussian shape about 0 with a mean of around 10-. Recall that we are neglecting
terms in the perturbations squared and higher. In this case, these are terms of 10'. Since the
data we generate is rounded at 10-6, this validates the linear approximation. Truly random
perturbations may not be entirely physical; considerations such as energy conservation and the
amount of depolarization expected may give relations between the perturbations. However, as
our aim was not to simulate actual calibration, but merely to investigate mathematical results,
random perturbations sufficed. For simplicity, we used an unpolarized light source to generate
our data and we did not include any random noise.

The computer generated a set of random imperfections for the calibration optics and then ran
through a series of 25 different configurations of the retarder and polarizer. The configurations
used in our simulations were clear (no calibration optics), the calibration polarizer only, at four
angles (0, 45, 90, 135 degrees), the retarder only, at four angles (0, 45, 90, 135 degrees) and the
16 combinations of the two at these four angles. Introducing the retarder only measurements
changes only a few terms in the error matrix given above.

After generating this mock data, we then used a non-linear least squares routine to work
backwards and determine the response matrix. As a starting point, we gave the routine a guess
of ideal calibration optics with no perturbations and a response matrix corresponding to an ideal
rotating wave plate of 80-degrees with no cross-talk terms.

1.0000 0.5868 0.0000 0.00001
0.0000 0.2630 0.0000 0.0000

0.0000 0.0000 0.2630 0.0000
0.0000 0.0000 0.0000 0.6269J

The routine took this guess and fitted the entire response matrix, the input light source polariztion
(not including intensity of the source), the transmissions of both the calibration retarder and
polarizer, and the four calibration retarder imperfections for which we can solve theoretically.
We measured the systematic errors by differencing these fitted values with the actual values.
Comparison of the size of these errors to the predicted couplings allowed us test the validity of
the theoretical couplings.

The results of these computer simulations verified the equations coupling the calibration
perturbations to terms in the response matrix. In all cases, the least squares routine would settle
on a value of the response matrix element which deviated from the actual value by the exact
amount predicted by the theoretical error matrix.

V. CONCLUSIONS

We have investigated systematic errors introduced in the calibration of a Stokes polarimeter
due to imperfect calibration optics. Employing a linearized treatment of the Mueller calculus
and assuming nearly ideal optics and light source, we generate a system of equations by rotating
the calibration optics in the beam. We find that half of the response matrix elements contain
systematic errors which can be related to imperfections in certain elements of the Mueller matrices
of the calibration optics. Specifically, the systematic errors are due to only five calibration optics
imperfection terms. This means that only a small number of the terms in the Mueller matrices of
the calibration optics need to be determined accurately, with the required level of accuracy given
by the error matrices of Section III and the desired level of polarimetric precision.
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The simulations presented in Section IV have verified the theoretical results. In addition,
simulations of this type offer the possibility of extending the theory to cases where analytic
solution is difficult or impossible.

The results given here are for a restricted set of assumptions. Given additional constraints
on the calibration optics it may be possible to introduce additional equations and reduce the
systematic errors in the response matrix or gain additional information about the calibration
light source and calibration optics imperfections. Also, the assumption of homogeneity of the

calibration optics requires that uniform optics are used or that the optical system limits the
sensitivity to inhomogeneities.
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Discussion

A. Cacciani: My feeling is that the transfer matrix is strongly dependent on geometrical and thermal

stabilities (tilt, stress, etc.). Do you have measurements and estimates about this kind of stability?

B. Lites: Our initial measurements with the Advanced Stokes Polarimeter do not show strong time depen-

dent effects in the polarization at the measured level (few x 10-3 Icontiuum). The only time (temperature)

dependent effect was noted on residual birefringence in the calibration linear polarizer, with a polarization

change (if I remember correctly) of a few x 10-4 1eo,,in.,um.
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Abstract: Specific spectral symmetries exist for the polarized light components in the Zeeman radiative
transfer problem for an atom that is represented by L • S coupling. The two channel Lyot filter provides
a natural method for making spectrally even or odd integral determinations in a single Stokes state in one
measurement, not subject to seeing effects. That system is well suited for making high resolution vector
magnetic field measurements because it provides a determination of the physical parameters with a minimum
of observational information. If the light states are known to obey strictly the normal spectral symmetries.
then it is possible to infer a Mueller matrix for the telescope from a single Stokes image obtained in this
way. A matrix solution of this type is written in closed analytic form. To demonstrate the principle, a
matrix is inferred for the Sacramento Peak Vacuum Tower telescope from a photographic Stokes image set
obtained with the universal birefringent filter. The matrix solution is generalized to allow for the case when
known and constant spectral asymmetries exist. The method may be valuable to calibrate high resolution
polarimetric observations when a specific polarization calibration test was not available from the time of the
observation.

1. Introduction
Precise polarimetry is difficult if the telescope has a strong polarization effect. Telescopes are not

usually designed to give good polarization transmission characteristics. If the optical system contains off-
axis reflections or stressed elements then its polarization modification effect may be quite large, and often
these features can not be avoided in long focal or evacuated systems. In the visible, the effect of an off-axis
450 reflection from aluminum produces about 150 of retardance and about 1.5% partial polarization due
to asymmetric absorption; yet the Zeeman linear polarization effect due to transverse magnetic fields is
characteristically less than 0.5%.

If the optical system is not polarization free, then it must be calibrated or compensated because the
unpolarized signal and the strong Zeeman circular signal will produce substantial linear polarization by
partial polarizing and retardance effects. A system whose polarization effect changes either over the image
or over the aperture may only be represented by allowing variation of the telescope matrix over the image
or within the telescope Airy disk, respectively. Dunn has shown that the spatial nonuniformity of optical
windows for evacuated systems can be made small (Dunn 1984, November 1988). In that case, the optical
system can be described by a one spatial component matrix model. Spatial uniformity is assumed in this
paper.

A mathematical or physical model for the optical train can give an estimate of the effect or provide a
correction. But models based on tabulated reflection coefficients or that rely upon the constancy of materials
can not be more accurate than a few percent in the visible because material reflection parameters are a strong
function of the specific surface properities: contaminants, coating purity, and thickness. In principle, direct
measurement methods of the telescope matrix are more accurate (Makita 1982, Zeldin 1981, Elmore 1988,
Dunn et.al. 1989, November 1989). But a model derived some time before or after the data acquisition will
become inaccurate because the physical characteristics of the telescope can change in time.

A simple calibration scheme uses the fact that rotating linear polarization provides a unique determina-
tion of a following Jones matrix (Azzam and Bashara 1977, November and Elmore 1987, November 1990).
Continuous monitoring of the optical system by such a method should be the best method. An alterate
method is proposed here for use when no calibration was done at the time of the solar measurement: The
solar Zeeman signal itself may be used to provide a limited calibration. For an atomic process describable
by L , S coupling, the Zeeman effect has a specific spectral symmetry (section 2). An imaging measurement

I Operated by the Association of Universities for Research in Astronomy, Inc. (AURA) under cooperative

agreement with the National Science Foundation.
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based upon the passband features of a Lyot filter can detect the polarization state in even and odd spectral
integrals to provide an intrinsically fast system (section 3). An empirical telescope Mueller matrix is derived
(section 4) and discussed (section 5).

2. The Spectral Symmetry of the Zeeman Effect
The radiative transfer equation for light described by the four Stokes intensities: I(r, L), Q(r. v), L(r. LI),

V(r, v) in optical depth r and frequency v is written:

I~~r, v) I+ 771 t7Q rlu ?IV Ir ~)+qs
d (Q(r, V)| - + t 7+ 1 Pv -pU Q(r,v)) TQS(r) 'I
dr U(r, ?7 -PV I l+ ?7,r pg U( .r' 1?lS(7

V(r,L)I r/v Pu -pQ 1+17! V(r,v)I 9vS(r)

where p is the cosine of the incident angle in the atmosphere, and B(r) is the continuum source function,
and S(r) is the line source function. This form is acceptable for radiative transfer in a spectral line in the
assumption of complete redistribution. 77, qig, ,rlu, and rjv are the opacity ratios and pQ, pe, and pv are
the magneto-optical ratios. The opacity ratios and the magneto-optical ratios are functions of optical depth
and frequency.

For absorption in an atom without a hyperfine effect (Fe, Ca, etc.), the L - S fine structure gives
the spectral distributions II(,/VL) and E(,/lL) for the line ir and or components, respectively. lI(1'/VL)

and E(P//vL) are sums of weighted delta functions distributed in L/'IL according to the atomic transition

where ML S -- l 11AI is the Larmor frequency; IfI is the magnetic field induction (gauss), e and m are the
electron charge and mass, and c is the speed of light. By definition the sum is one, i.e. f fl(v/vL)dL' = I
and f .(rv/vL)dv = 1; these splittings have been tabulated for all possible transitions (e.g. Beckers. 1969).
The relevant opacity ratios and magneto-optical ratios have been derived in many places. Rewriting the
solution derived by Landi Degl'innocenti and Landi Degl'innocenti (1972) in terms of convolutions of the
fine structure distributions with a Lorentzian spectral distribution for the individual oscillators L(u, '1) and
with the Gaussian thermal distribution of Doppler velocities G(&, 4VO), gives the following:

r/i(ao + v) = 1-(((IL-) + 11(--L)) sin _ ) + (.-.(-)cos L(v, -). G(v, - )
,q(v4 + v)= 70(((L • + H(- -' ( - F(--' ))+ os) L(2, w) G(v, 41Vo),

4 L L VL YL L

7qu(vo + v) = 7O-((l( !Li) + 1(.-.-L) - F.( ') - F,(--f-))osin20sin 2 ) *L(v, -f) C(-114 V PL VL M(2)

Y7v(Po + v) = 2(II() -) (--)) cos 0) * L(v, -t) * G(v, A,,o).
2 IIL

-f is the reciprocal oscillator damping time, and A4D is the Doppler width. 77o = M N is the number

density atoms in the lower level, f is the oscillator strength, ,c, is the continuum absorption coefficient.
'o =- c/A is the line center frequency for wavelength A in the observer's frame. 0 and 0 are the field

inclination and azimuth from the line of sight. L(&, 7) and G(v, ZU/D) are normalized to have a unit integral
over frequency v:t

G(v,•v) = "L. lT V,2 + 2'

G(v, 4MD) -- I- exp(--(L'=• )2)

I2AVD 61,D

"*" denotes the spectral convolution. Although the convolutions are inherently dimensionless, the first
convolution in every Equation (2) is with a sum of delta functions. That convolution represents a sum of
components rather than an integral over frequency, and it thereby introduces units of inverse frequency.

The magneto-optical ratios p can be similarly written as a convolution of the fine structure distributions
II(I/1&L), fl(V/VL), with the line refractive index function, the normalized Rachkovsky function, F(v, v), and
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with a Gaussian:

pQ (Li + Y) = -(1()+f(..L (~)-~-))ce;20sin2 o).F(z.,-y) *G(L',, AvD),4 VL VL /LV

pu(Lio + v) = ((fI( v )+a )E()- v- ))cs(2Osin2-)*F(vt)*G(u, Avu), (3)
4 L IILIL IIL

pv (vo + vi) = 21.(H( -V) - fl(- -v.)) cos)* F(v., -y) * G(Lu, AVD),2 IL ilL

where:

F,7) = V2 + Y2-

The normalization of F(v, -t) is defined to be consistent with the normalization of L(v, y).
The convolution of two even or two odd functions is even, but the convolution of an even and an odd

function is odd. The Fourier transform of an even function is real, and the Fourier transform of an odd
function is imaginary. Thus the Fourier transform of the convolution of even and odd functions is the
product of real and imaginary functions which is imaginary, so the convolution is odd, etc. Since both the
Lorentzian and Gaussian functions are even in frequency, L(v, y) = L(-v, y) and G(v, Arv) = G(-v, Av 0 ),
the symmetry of the opacity ratios is simply given by substitution of -v for v in Equations (2):

{ ,q,(+ = +) ,(rO- V),

'7Q('o + 0) = q(vo - L), (4)
17U(/o + v) = ?u(Lo - 1),
qv(Vo + V) = -qv(Vo - V)

The Rachkovsky function is odd in frequency, F(v, f) = -F(-v, -t), and this reverses the inherent symmetry
of a function with the convolution; from Equations (3):

{ pQ(vo + u) = -pQ(vo - 0)
Pu(r'o + V) = -pu(vO -) (5
pv(VO + V) = pv(vo - v)

The spectral symmetry of i?(v) and p(v), Equations (4) and (5), show that the transfer matrix on the
right of Equation (1) has even transpose symmetry around the diagonal in its first three elements, and odd
transpose symmetry in its fourth element with the substitution of vo - v for v0 + v. At each optical depth
r only one symmetry is allowed in the particular solution of Equation (1) consistent with the symmetry of
the source functions. Since the source functions B(r) and S(r) are even in v (as constant functions), the
Stokes intensities particular solutions must obey the following symmetry conditions:

l(r, vo + v)= l(r, vo- v),
Q(r, vo + U) = Q(r, Po - P), (6)
U(r, vo + v) = U(r,Yo - v),
V(r, uo + v) -V(r, vo - v)

Whereas, the homogeneous solution to Equation (1) may satisfy any symmetry permitted in the eigenvectors
of the opacity matrix, these solutions give zero contribution by the usual choice of boundary condition
that the intensities vanish with zero source function. The emergent Stokes intensity vector for r = 0,
(!(v),Q(v),U(v),V(v)), will preserve the symmetry of Equation (6) if O0 remains constant over the line
forming region. We can expect this to be an observable property of the Stokes intensities if further there
is no variation of rvO within a resolution element. Spectral symmetries of this typJ± have been pointed out
before (Landi Degl'innocenti and Landi Degl'innocenti 1970).
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A useful limiting form for the transfer equation is the weak field approximation. For the limit iVLI/(7'2 +
AvPD)I small, the fine structure distributions take the form:

lim [r(--) + [I(---) = 26(v),
IML&I-O VL

lim E(-!-) + I(- ' ) = 26(p),I 'V,..-0 L U,
d2 (7)

IVI.--0 VL L LIdV
lira (II(-m-) - E(--L)) * f(L) = 9VdL- f((v))

fl(.1L/ )) = duIvj-l-O UL L

6(v) is the Dirac delta function. The opacity ratios can then be written:

,7(vo + v) = ,qoL(v, '-) * G(v, AUMD),

1Q((o + v)= gQuv2 cos 20 sin2 -d2271

17U(mO + v) = gQuL2 sin 20 sin2  d2q___ 
(8)

'Tv(1,0 + ,) = gvvL c09 2 d771
dv'

where the constants gqu and gv are Landig factors which can be defined from the fine structure distributions.
Thus v7g - o(v°), rtq - o(zj), qu -, o(va), iv -. o(vL), pQ - o(vl), Pu - o(a4), and pv - o(i/). Since
the source functions: B(r) - o(vZ) and S(r) .- o(w2) it follows for the Stokes intensity solutions that:
1(u,r) -,, o(w), Q(w, r) - o(i4), U(v,r) - o(v,), and V(P, r) - o(aJ). Retaining terms only to a single
order in ML in each component of Equation (1) we have the four differential equations:

( - (1 + 7 1))/(v, r) =-B(r) - 71S(r),
dr

(M± - (I + Ylj))Q(P, r) = i7Q(I(w, r) - S(r)),
dr

(P± - (G + i7,))U(v, r) qu(I(v, r) - S(7)),

(I - (I + 7j•))V(v, -) = vv(I(v, r) - S(r)).

Applying the boundary condition, the integral solutions can be written in the following form for r= 0:

SI(v) )• =/ I,- DP,(v)\

I(Vo+,)= + Q(") DQPQu(v) (10)
U(v) Du DPqu(v)
V(v)/ Dv Pv(v)

This solution assumes that the magnetic field orientation and inclination, 0 and 0, are constant over the
line forming region. The coefficients D,, Dq, DU, Dv can be interpreted as the line strengths. Following
Jefferies et.al. (1989), differentiating the first Equation (9) gives:

d + dItt)) -- (I(v, r) -S(r)). (U)

This form can be used to eliminate (/(v,r) - S(r)) from the other three Equations (9). Thus, it follows for
PL and -t constant over the line forming region: V(v,r) o *-L4I(v,r). For the vector field constant over the
line forming region Pv = •PI. Although the analogous relation Pqu - JPI is suggested by the limiting
form for the opacity ratios, Equation (8), this relation is not justified rigorously.
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3. Measurement of the Stokes Even and Odd Components with a Birefringent Filter
Beckers (1975) developed a simple system for measuring even or odd Stokes components in a spectral

line using the natural properties of a Lyot filter. The two channel Lyot arrangement is shown schematically
in Figure I and operates at the Sacramento Peak Vacuum Tower Telescope with the universal birefringent
filter (UBF). The last Lyot element in the UBF was left without an exit linear polarizer so that two different
spectral channels A and B are simultaneously transmitted by the polarizing beam splitter. The element
remains fixed in orientation with respect to the following optics.

The two channel Lyot design normally transmits a spectral integral of the Stokes polarization state 9(v)
that is selected by the polarization analyzer before the UBF:

9 = f (v) sinc2(V) cos2(L, + )d, = J 1(Tý( )dv. (12)

a is the orientation of the exit polarizer, and the scale of frequency v is the phase of the retardance of the

•A final Lyot element. The sinc 2 (V) is the serial product of the transmission of all the Lyot elements except
the final one, the 'A, 1A, 2A, etc.: sinc2 (v) = cos2(l)cosC(1)coC8 2(,)...

Four specific exit polarizer orientations a are of interest: T+(v) - Ta=o(0), T.(L) = Tj(v), TR(M)

T_ f (Y), and TB(L) - Tz (m). In the arrangement of Figure 1, the exit polarizing beam splitter simultaneously
transmits the spectrally even pair, g+ a g.=0 and 9 -- 1.j in the two channels A and B. With the A/4
wave retarder inserted after the UBF, the exit system transmits the spectrally odd pair 8 R = '-z and
B i i. Differences of images in A and B define the transmission functions T..., (v) a T+ (v) - T_(Y) and
T~dd(v) T() - T():

l.... ! - g= J() ) J1(v) sinc2 (v) cos(2v)dv,

5 odd - gB = J (V)T 0 dd(V)dV = 9(1) sinc2(u)sin(2v)dv, (13)

WE =-g+ +. W- 9R + !B = f i(&')Tr,()dv = g(v) sinc 2(V)dv.

No additional intensity measurements made at other orientations a can add information to the measurement
defined by i+, s_, sR, and iB. The measurement made with a Lyot filter in this way is inherently restricted
to give one Fourier component in v and DC spectral integrals. The Lyot transmission functions are plotted
in Figure 2.

Measurement of the I component of the Stokes vectors ieven, goad, and gE requires that unpolarized
light enter the filter. An unpolarized state can be obtained by rapidly cycling between two orthogonal
entrance states with the KD*P before the UBF. Then, with the exit KD*P removed from the beam, the
image difference A - B gives o = I4 - I- in the spectrally even configuration and rodd = [R - 1B in the
odd configuration (with the A/4 inserted after the UBF). The sum 1+ + I- = IR +1B = 1E. The unpolarized
experiment alone is useful in defining the velocity v, continuum intensity, and line strength parameters as
described in Appendix A.

Analysis of the polarized components is more difficult since an analyzer does not transmit ±Q, but
rather I ± Q ! Analysis of the individual Stokes intensities is affected by cycling the light state before it
enters the UBF while synchronously switching the sense of the spectral states in the two image planes .4
and B. The KD*P following the UBF cycles between 0 and X/2 waves retardance to switch the two states
exiting the last Lyot element. The switching time can be made to be sufficiently rapid so that little seeing
difference can be expected between the successive polarization states, and also so that the temporal sum
feels an approximately equal contribution from both intensity states (for this work we use 250 Hz).

Analog sums are formed in the output channels with the synchronous transmission of two polarized
intensities, i.e. I(v) ± Q(v), and two spectral states, T+ (v) or TR (P). Let AQ,even and BQ,even refer to the

measured intensity with the spectrally even exit configuration for the Stokes state Q:

f A,,...B = (t+ + Q+) + (L - Q-),
Bqe =(Y- + Q-) + (4+ - Q+),
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UBF Feed Optics
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Figure 1 UBF feed optics: The light entering the UBF rapidly chops by means of the first KD*P between
two orthogonal polarization states selectable by two rotating wave plates. The light exiting forms two
simultaneous spectral images A and B which are switched in sense by the exit KD*P.
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figue2 Spectral transmission of a two channel Lyot: In one optical arrangement the filter simultaneously
transmits the even spectral pair T+ and T.., and in another optical arrangement the odd spectral pair TR
and TB. The horizontal axis v is in the retardance phase of the final Lyot element. The difference functions,
T.... = T+ - T. and T od4 = TR - To, are shown in the last panel.



and similarly for the odd spectral pair:

f AQ,0O• = (IR + QR) + (I - Q),14)

BQ,od= (IB +QB)+(IR -QR),

Substituting the integral definitions Equation (13), gives:

Q.., -. • q,..- =,,., J Q(V,)Tetoe.(,/)di

1 - BQodd) = Q(V)Tod(v)dv,

QE =- AQ,ev.n + BQ,e,,en = AQ,o0 d + BQ,odd = J I(w)TE((v)dL = I:

Similar expressions can be written for the other Stokes states U and V to give U,,.,,, Uodd, Weiýen, and Vodd

also. The sunms AQ,e,.. + BQ,eten are the same for all the Stokes states and in both the spectrally even and
odd experiments: 1r = (Ir,, I., I, IE)T.

00,-

Figure 3 A high resolution V.dI/I: image. The intensity sum I, is shown on the left and the difference

divided by the sum Vodd/l or magnetic flux on the right in Bali 6142A from a single photographic pair

in the two channel Lyot UBF made of a quiet region at sun center. The center 10 arcsec field of view is

magnified in the lower pair. Though the seeing was very good in this image, the granulation structure that

appears in the intensity sum is naturally blurry at height in the solar atmosphere. The magnetic flux image
shows much fine structure in the chromospheric network that is right of center in the upper field of view and
upper right in the lower magnified field of view.
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Figure 3 shows a high resolution Vodd/IE image defined according to Equation (15). The images were
recorded on film in Bali 6142A with the UBF with its 0.22A passband with Wollaston beam splitter
with an exposure time of about 100 msec while switching the KD*Ps at 250 Hz; thus about 25 states
were photographically added in each output channel. The sum of the two channels is shown on the left.

IR + 1B = 1E, and the difference divided by the sum on the right in the figure, Vodd/l1, after correction for
the film response (November 1983). The sum is equivalent to the intensity integrated in a 0.44A passband
Equation (13). The sum shows a blurry granulation structure which is characteristic of images made in strong
lines. The Vodd/l1k images on the right, which are taken as a proxy for the longitudinal magnetic flux, shows
the chromospheric network right of center in the upper Vodd/lh image. The lower images are magnifications
of part of the field of view from the upper pair. The images show interesting magnetic fine structure and
indicates the high spatial resolution of the observation; the finest chromospheric network magnetic structure
is about 0.3 arcsec.

4. Recovery of the Telescope Matrix
The optical arrangement of a telescope with reflecting optics is represented by the polarization transfor-

mation rule: 1' = ,M"iwhere M is the 4x4 real Mueller matrix, i is an entering Stokes polarization vector
and V' is the corresponding exiting polarization vector.

If the polarization properties of the solar light obey the simplest rule, that I(v), Q(v), and U(,) are even
and V(v) is odd, then the solar light itself may be applied as a reference in the determination of M. Under
this assumption the exit spectrally odd component V"dd can occur only with a unique entrance state, and
V .c en obeys a conjugate constraint. Corresponding to the observed V" there is a unique i, where i = M4 i,

as presumably the telescope does not contain a complete polarizer and M is nonsingular. In addition it is
probably a good assumption that quiet regions outside the chromospheric network are not polarized so that
.M-1 ,,it should not be polarized.

The determination of M is an optimization problem because the number of measurements, c,-rrpponding
to pixels in the image, may be quite large, thus providing redundant information. At the same time,
the conditions do not span the degrees of M in two ways, as we shall see. To define M correctly by a
general least oquares approach, the formulation must include proper Lagrange constraints because of the
underdetermination; this general form is difficult. We therefore make use of the following theorem and
ordering properties of the pr-'blem to invert the system for Ad simply. The system of vector equations

f,' = M4m counted by the index rn can also be written as an equation in matrices of vertical column
vectors:

it' .2 3' ')M.(1  12

Then, the matrix M for which the sum of squared residuals, . .i', - 12mj
2 , is a minimum is written:

M=( 1 '2 A .. )(it 82 83 ...*)', (1)

where the notation 51 refers to the pseudo-inverse defined for the matrix S square or having more columns
than rows:

$I = ST(sST)-t.

ST denotes the matrix transpose, and (SST)- I the square matrix inverse. The theorem is given in a number

of texts on orthogonal projections and least squares (Strona; and Gilbert).
In the ideal case of spectral symmetry, lo. "- Q0 4 = U.0 4 = 0, all the odd Stokes states must originate

in the Vod state before the telescope; we have: (0)
(:dd0) (17)

The notation •or I, etc. refers to the Stokes states in the ideal case, and Af is the optimum telescope matrix
derived using the ideal conditions. Thus IJd, oc qO,, cc U•,', o Vd (x V . Since the amplitude of V0

is usually the largest of the exit states it is most reliable to take V9.d a f'vV,,,f4 for some constant $v as a

definition for V.• 4 .



Using the Zeeman Spec tral-Polarization Symmetry

We denote the Stokes states for the quiet regions by the subscript q Unpolri•zed states If ,, entering
the telescope can be modified to become polarized at the exit, thus

4,1 et en

0
0t

Then, Ij, - 1 In the ideal case of spectral symmetry 'q od = 0 at the sun, we have IP c. =

OQ'odd = Uq.odd = 'qVod = 0.

Also, for spectral symmetry ý'eve, = 0:

"-I . Qc e ... I , 9

kbeven)

It is useful to simplify this relation by combining Equation (18):

0e - I q 0 e n
qev ee. = even oe.oo 00. M ('e"0 0

Ueie even) (,eve, ) 0ee

Q, (Q".oI.:;.o.
-ve q ~even1) \ - - ( (Q'qeven)(2

-•ev ,e° I _ 4 (lg,, ) Ve (V.Q,..)
(U'v ' ,,(Iv,,,°e.) / (•',.et.:,i

where ) denotes the average over the image. In solar images without sunspots the contrast is low (< 04)
and I(Iev.n - (<qeven))/(Ieven)I ' 1. In the present approximation the last term was dropped giving the

limiting form:

5 .e -(S,9evcn) = Ue..en . (21)

The small effect of intensity contrast cross-talk into the polarized components could be better approximated

by using an estimate for the contrast, e.g. (I..•. - (Iq,, een))/(i,,.ven) = 'v.n -

The rotation of the linear polarization states (Q. 3n &ad U,.,,, by the telescope can not be determined
from the spectral information; this is the first way in which the problem is underdetermined. In the case of
the Sacramento Peak Vacuum Tower Telescope this effect is less than 2* by actual measurement (November
1989, Figure 3). It is convenient to adopt the condition that the polarization state is not rotated for the
ideal formulation, i.e. Qeve, i-Q(q(q.ve - (Qr,.e.,e)) and (J.... S3u(U.,,.. - (U•,.n)). This limitation is

not fundamental; in section 5 we extend the method to allow any rotation angle.
Writing the three vector relations, Equations (17), (18), and (21), in one matrix equation gives:

= MS, (22)

where: S' (r...., - (.,,..) woj sfOd,,,),I( io )(n' 1
ve0Cf . 0 , 0

and the indices ij, k count the vectors corresponding to pixels in the image. Substituting, 1.U., =

Oeen=JOUe, v -- . JJ. "' OvVjd, and .n = 8IIfven,. gives:
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For convenience, I represent the sums over elements in the form of image averages (, and h, A-

that an equal number of spatial elements n contribute to each of the vectors counted by the " '

Applying the theorem. Equation (16). gives the optimum .M explicitly-

Al2 1
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The conditions, Equations (17), (18), and (21), will be satisfied for any choice of the constants ,1,. 3 Q, JL-.
,3 v; it is convenient to choose 031 =OQ = 13U = 3v such that det(M) = 1. This is the second incompleteness
in the system. The relative absorption in the four Stokes states might be included from a representatoe:
model for the optical system.

An observation of Q',dd, U , Vodd•,Vot Q", U;,,, and V,,, is shown in Figure 4 with each image
normalized by Ir and plotted on the same scale of contrast. The observation region was an emerging bipolar

Figure 4 Stokes spectralny even ani oaa measurement of an emerging bipolar flux region. Spectrally even
and odd images taken with the two channel Lyot for the Stokes Q, U, V states at the exit of the telescope.
All of the images were normalized by the intensity sum using the formula (A - B)/(A + B), and were printed
with the same scale of contrast. All of the odd images should be correlated because the spectrally odd signal
at the sun is mainly Stokes V which is changed in its polarization state by the telescope.
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flux region without spots near the center of the sun. The incoming polarization state was selected by setting
the rotating retarders before the entrance KD*P of Figure 1. Even though the figure was formed from the
average of six sets of photographic pairs it is still much noisier in Vo'dd than the example Figure 3 which
was made in the same way. Though the seeing was fairly good, the voltage on the KD*P may have been
incorrectly adjusted. Still, the correlation between different observables seems apparent: Note the similarity
between the images V~dd and Qdd; the correlation coefficient between these is 0.36 which is statistically
significant for the large number of points in the image (- 101). Though the noise in U[odd is larger due to
the smaller signal, still the main features appear to be correlated in Vo'4,.

After subtracting a common background field from the images, the averages in the non-magnetic portions
verify the quiet-odd relation: Q 0,odd) = (UWqdd) = (Vq'.odd) = 0 within 3% of the dynamic range. Applying

the formula Equation (24) gives a matrix M. Then i = M- g' gives Sodd, s even, and 'keC,,ev with most
power in the expected components, verifying the process.

5. Discussion
In actual practice the solar profile functions are not precisely symmetric. The deviations from symmetry

may occur because of height variation of the central frequency along a line of sight or due to spatial effects
within a resolution element.

The well known property of the convective red shift is alone able to producv rather large spectral
asymmetries. The property that granular up flow is bright at the center of the sun leads to a stronger line
that is blue shifted on the average. This property leads to spectral asymmetries in the polarized Stokes
components even in the weak field approximation, Equations (7)-(10). Figures 5 and 6 show an example
taken from the Kitt Peak Solar Atlas (Kurucz et.al. 1984) for the center of the disk, 1 = 1.0 and for near the
limb p = 0.2, respectively. The spectral profile in the vicinity of Fel 5250.2A is shown in the upper panelý
the first derivative (solid) and its negative (dashed) is shown in the second panel; the second derivative is
shown in the lower panel. Though the line profile is almost symmetric in the first panel of Figure 5, the
derivative profile in the second panel shows about 10% red over blue excess. A similar excess is apparent in
the third panel for the second derivative. The property is considerably lessened near the limb in Figure 6.
This spectral asymmetry is apparent in nearly all examples. If the spatial distribution of magnetic flux were
not strongly correlated with the granulation field than such asymmetry should be expected in the nominal
Stokes profile functions.

If the spectral asymmetry is constant then both spectral components for each Stokes state must be
proportional, i.e. Q,,, = Dq f PqUTe.,bndv, Qodd = Dq f PquTodddv, so Q,•,,, ox Dq and Qodd x DQ.

One linear combination of the spectral pairs is zero, and the ideal Stokes states s,,en and Sodd can always

be formed by a linear combination of the actual Stokes states Wiv,, and *odd. Also, the effect of velocity
variation v over the field introduces a systematic variation of the spectral asymmetry, see Appendix A,

Equations (AM) and (A9). The effect of velocity is removed by applying a linear operator that is a function
of the velocity to the actual Stokes states. Also the effect of rotating the linear polarization state by a known
amount X is represented by a linear operator. We can represent all of these effects by one linear operator A
that acts on a single vector containing the idealized Stokes states from section 4 to give the actual Stokes

states:
ielvenjs (sv , x en,'\ (25)(S~dd,) i ~ ,x Soddg)

A different transformation must be applied to each pixel in the image counted by the index i. The actual
telescope matrix transformation M can be represented as S' = MS, where:

'51 (ifevens, addj, JF qvenk. Sq,odd,i),

S (levenj, ioddJ,, i q,even,k 9q,odd,l)

The indices i, j, k, I count pixels in the image. A determination of M follows using the theorem Equation
(16), but now the formulation correctly includes the systematic asymmetries and velocity effects. The
solution must still include a priori information: the rotation of the linear polarization state X, and the
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relative absorption coefficients/Is, & q, 63u, and /3 v of Equation (24), which can be taken from a nominal
model for the optical train.

6. Conclusions

Although this work has shown the viability of using the data itself to form a calibration for the telescope
polarization effect, its usefulness must be limited to post facto analysis where a calibration was not available.
Some of the most interesting questions regarding the nature of the field at high spatial resolution could be
precluded by assuming spectral profile shapes a priori.

Matrix determinations that rely on calibration optics can be as accurate as those elements are known.
Geometrically defined calibration methods may give a much higher absolute accuracy (November 1991) For
example, a Jones matrix is uniquely determined by a rotating linear polarizer; linear polarizers based upon
reflection or refraction effects, Brewster angle reflectors, or Wollaston prisms, can be very accurate (< 10-4

not pure linear polarization).

Appendix A. Lyot Velocity Measurements and Effects on Polarized Components
The line center position vb - v can vary with position over the field of view due to the Doppler effect

in the line of sight velocity v. va is taken as the average line position corresponding to the filter center
tune position. With a proper interpretation of the unpolarized observations, leben, 'odd, and /1:, v can
be determined reliably. The symmetry of the polarized components is affected in a systematic way by the
variation of the velocity over the field of view.

Equation (10) represents the profile functions in the weak field approximation. Including the velocity v
which may vary from pixel to pixel we have:

S- DqPqu(, - v)
f(/ ) DQPQu(i, - v) '(Al)

DuPQu(Lv- v)
L)vPv(v-v) )

I, is the continuum intensity, D, is a unpolarized line depth, and v the Doppler red shift. DQ, Du, and Dv
are the strengths of the polarized components. The profile functions Pj(v), PQU(v), and Pv(i) are assumed
to be known.

For small v:

1 Jof T!...(v)dv - D, P(v)T.e..(v)dv + v D, J dý Teven(v)d_=~~~ - °dv .v~v

Iod, = -DI f PI(0)Tdd(0)dV+ vDrf DI Tod (/)d, (.42)

I. = Ife T.(v)d + v DIJ I L TE(v)dv.

The system of three Equations (A2) is linear in I,, DI, and v D1 , and gives their unique determination with

the constant spectral profile integrals:

Sdk PT,(v)

Ckjt°d = dk Pt(v) (V)d,
J dvk

(kjE = J dkPt(v)Td(v)d(3

J dvki()T(vd'

Rewriting Equation (A2) in vector form, we have:

Ieven leI(o1 dd ' Di • (A4)

/ v D/
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where:
M2 -(,1-jn CijepeV = -<Oodtda C1,bod .
0 -Ctf.
T 0

For PI(v) strictly even, C(i,.evn = o,•,o0 g = C1,1E = 0, and Equation (A4) has the inverse:

I, ) - ~-ri 0 d 0 (O'levenc1, 'Odd 'evn.(!.

vDr l ,en o -- l.lot dd 0 (ldd lodd (.4)

Thus, v D ocx 'odd. The line strength variation Dr over the field of view must be small (November 1983).
so when PI(u) is approximately even, v oc 'odd approximately. Since 'odd comes from one simultaneous
image pair without seeing differences between the images, v defined using Equation (A4) should be mostly
unaffected by the seeing.

Nonlinear corrective terms in v can be included in the expansion of Equation (A2) to give:

/ee C2,Ieven

I )d =V( Di v2 DI [ C2,o ). (46)

The inverse relation can be used to define an iteration procedure for v:lee (2,-) )( = V-'( lodd + V2 DI (2,Io.dva ), (A7)
v D I\ ( 2,1x

where the velocity on the right side is taken from the previous iteration.
This formulation is applicable to the Fourier tachometer velocity measurement but it considers the

effects caused by a relatively narrow blocking function f IT I2d,, f IT•,.,.1 2 ddu (Brown 1981, Evans 1981,
November 1983). The narrow blocker design has an advantage because it gives an intrinsically better signal
to noise, but a disadvantage that a nominal profile function, Pr(v), must be assumed.

The Doppler velocity changes the measured spectral symmetry due to the offset of the filter passband
from the line center. Since the polarized components shift with the unpolarized profile, v must be the same
as that found from the unpolarized signal, Equations (Al) and (A2) (without considering the effects of a
changing atmospheric seeing between observations of the different polarized components). Using (k.v to
denote the spectral integrals over the polarized profile function Pv(v) as in Equation (A3), the polarized
observables V.,en and Void can be written:

Vewen = Dv(ove.n - v Dv(C1 ven.t. (.48)
Vdd = Dv(o,vodd - v Dv(i,vodd.

We can define et,,,,n - Dv~o,veve,, and Voiaj =- Dv(ovodd; these are the polarized components shifted by v
in the filter passband. Then, eliminating Dv from the definition gives:

(I'vwef 7v 1 .V*g Cxve.ltien

)od V~dd (A49)

Dv is eliminated to give a useful formula for affecting the velocity correction by a linear operator. Similar
equations can be written for the other Stokes states to give 0

oeven, Qodd, Ulevrn, and U'odd.
If the profile functions have ideal symmetry then half of the spectral integrals will be zero. The relation

Equation (A0), then assumes a trivial form. For example, in V, (0,even = (Cvodd = 0. In this case, the
effect of v is always second order and IoPid = V.dd. With ideal symmetry V.dd is a measure of field strength
that is correctly defined with reference to the spectral line centernot with reference to the filter tune position.
It is usual to use V.dd/IE as a proxy for the longitude magnetic flux, independent of the velocity.
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Discussion

J. Stenflo: The circumstance that the Stokes V profile is not entirely antisymmetric due to velocity field
gradients will enter into your analysis as a fictitious V to Q cross-talk. This effect may however be sorted
out by a multi-line analysis, since the Stokes V asymmetry is different in different spectral lines Also your
self-calibration method may help sort it out, since the V to Q cross-talk varies over the day, whereas the
statistical properties of the Stokes V asymmetry do not.

L. November: If the effect is systematic, i.e. proportional in strength to the Vodd component then it should
be possible to subtract the effect.

S. Solanki: Although the Stokes V asymmetry may be a problem at solar disk center, it varies across the
solar disk and even changes sign near the limb. Therefore, it should be possible from radial scan to determine
the position on the solar disk at which the V asymmetry disappears (with depends on the line used) and to
carry out the analysis at that point.

B. Lites: High resolution spectra of umbra taken at La Palma contain telluric reference lines which give an
absolute wavelength reference. These spectra show that umbra are nearly at rest within ± 200 m/s or so -
a result found at lower resolution by Beckers a number of years ago. Thus, one might expect the Stokes V
profile to be symmetric in umbrae.

B. Lites: How well do the lobes of the UBF spectral profile match the 3 lobes of the Stokes Q-profile, for
example?

L. November: The filter passband (-!A at 6563A ) was chosen to be close to the width of many spectral
lines of interest for velocity or magnetic studies. It is this parameter that is relevant, I think, in deciding
the inherent sensitivity of the system to measure the line shift, Doppler effect, or to measure a difference in
line positions, Zeeman Q, U or V effects.
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FRINGES IN POLARIZING OPTICAL ELEMENTS
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ABSTRACT

A Muller Matrix description is developed for expressing the effects of spectral fringes (channel
spectra) arising from polarizing optical elements in astronomical polarimeters. This description allows
one to derive the effects of fringes in a straightforward manner. The formalism is applied to the case
of the rotating linear retarder that will be used in the Advanced Stokes Polarimeter (ASP). It is shown
that, through proper calibration of the ASP polarimeter on a pixel-by-pixel basis, the effects of spectral
fringing should not be troublesome, but these effects may be more troublesome in polarimeters which
demand higher polarization accuracy.

I. BACKGROUND

In the Advanced Stokes Polarimeter we will have a number of polarizing optical elements
with nearly parallel optical surfaces. These surfaces will produce spectral fringes, just as the
multiple reflections from the parallel surfaces cause fringes in a Fabry-Perot interferometer.

In the ASP we will minimize the problems caused by fringes through the use of anti-reflection
coatings. Even with these coatings, we expect that the amplitudes of the fringes will be in the
range 0.4 - 1%, so that the fringes cannot be neglected relative to our design goal of 10-3 in the
polarization accuracy. It is therefore important to understand the nature of the optical effects
that these fringes will produce, and the expected magnitude of such effects. In particular, fringes
in the retarding optical elements will produce perturbations of the polarization as well as the
intensity, and all of these effects vary rapidly with wavelength.

The target for polarization accuracy for the ASP is 0.1% of the continuum intensity I,.
This accuracy guides the design of the instrument with regard to the crosstalk among the four
Stokes parameters. One should adhere to the 0.1% goal for the crosstalk terms I --+ Q, U, V, but
requirements on the crosstalk terms among Q, U, V may be relaxed somewhat, for the following
reasons. When the magnetic field is very strong, in sunspots for example, the polarization may
be large for either the circular or linear states. Typically in a sunspot umbra one may find a
maximum polarization in any of the Stokes parameters Q/I, U/Ic, V/I. of 0.2 - 0.3. Crosstalk
errors of the order of 1% among these terms usually will be smaller than the errors either in the
fit to the observed profiles due to inadequacies of the analytic model used in the least-squares
inversion or due to noise. Spatial averaging of the profiles due to seeing and the ASP resolution
element of 0.4" will further add to the deviations of the real profiles from those of our theoretical
model. If we relax the requirement for crosstalk accuracy among Q, U, V to 1%, then the maximum
error of the profiles due to crosstalk is .002 - .003 I1, which is close to the noise level we expect to
achieve in normal scans of active regions. We target a signal to noise (S/N) of 300:1 for much of
our work, with the hope of getting 1000:1 when we concentrate on analysis of the chromospheric
field. Note that we will use the higher S/N when we expect weak polarization signals from the
Mg b-lines, for example, outside of sunspots. In these cases we can certainly tolerate a crosstalk

*The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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among Q, U, V of 1%, as the net polarization will be very small. A target crosstalk tolerance of
1% among Q, U, V now appears to be adequate for most of the scientific analyses we W attempt
with the ASP.

In the following I develop a description of the effects of fringes in optical elements and I
estimate the effect of fringes arising from the ASP rotating waveplate modulator.

II. GROSS PROPERTIES OF THE FRINGES

Before embarking on the details of the fringe effects, I will give some estimates of the fringe
amplitudes and spacings so that one may gauge the importance of the fringes in what follows.

a) Fringe Amplitudes

Anti-reflection coatings optimized for the specific wavelengths used in ASP will leave a resid-
ual reflection at the surfaces of 0.1 - 0.3%, and broadband coatings may result in reflection
coefficients closer to 1%. The peak-to-peak range of the fringes will be four times these values of
reflectivity.

b) Fringe Spacing in Wavelength

Most of the ASP optical elements will have thicknesses of the order of 1 cm. The fringe
spacing will be of the order of 0.1 A at 5500 A for a 1 cm thick element. The fringe spacing varies
inversely with the thickness of the device and directly with the wavelength. The width of the
fringes in wavelength (50 mA) is comparable to the widths of the spectral lines being observed,
further emphasizing the need to minimize their influence.

c) Polarization Fringes

When describing spectral fringes, one normally considers only their signature in intensity.
When the fringes are created by a device that retards one state of polarization relative to another,
I will show in what follows that the fringe pattern will differ with differing states of polarization
of both the beams incident upon and exiting from the element.

III. A MULLER MATRIX REPRESENTATION OF FRINGE EFFECTS

IN A LINEAR RETARDER

As fringing is an effect of wave interference, a development of the fringing properties of a
polarizing element must start from a description of phases and amplitudes of the electromagnetic
wave. Thus, one cannot use the intensity information only (i.e., the Muller matrix formalism) to
derive the effects of fringes on polarized radiation. However, once one derives the correct behavior
of the modification of the wave using the amplitudes an phases, one may describe the effects of
fringing using the Muller algebra.

a) The Incident Wave

Following Jefferies, Lites and Skumanich (1989), 1 describe the wave incident upon the re-

tarder by the two orthogonal components of the electric vector:

a, = Aýe iwt
a, _ Aye=iw, (1)

II I I i i i
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Here the amplitudes A. and A. are complex in order to describe any incident state of linear
or circular polarization.

b) Some Assumptions and Definitions

1. The retarder is such that the fast and slow axes are perpendicular to the propagation direction
of the incident radiation.

2. The coordinate system is chosen such that the fast axis is along the x-direction.

3. The reflection coefficients for the wave (NOT the intensity!) along the fast and slow axes are
given by rf and r., respectively.

4. The phase retardance of the fast and slow waves upon one traversal of the retarder is given
by of and 0, = Of + 8, respectively. Thus 6 is the relative retardance of the slow beam with
respect to the fast beam.

5. The absorption of the fast and slow beams is given by i71 and 77,, respectively.

c) Ezpressions for the Wave on Exit from the Retarder

Wavent 
Transmitted
Wave

Twice
Reflected Wave

Note the geometry in the above figure. As the reflection from the coated surfaces is so
small, I need only consider the transmitted wave and the wave which suffers two reflections, then
interferes with the transmitted wave.

For the transmitted wave, the polarization components of the wave may be described as:

a'= Azewt[(- rf)(1 rIl)e-0,
Z /ztJ 1 - l 1e (2)

at = Ayeiwt[(1 - r,)(1 - r/,)e-i(0j+6)

Similarly, for the twice-reflected wave, I have:

Y= A [eir' (1 - 77 )e-'f rf (1 - nf)e•'O' (1 - rf)( - (3f)-'*" ()

a = Aye-i tr.(l - 77.)e-'i(4 I+6)r.(1 - (t - r.)(1 - 77 (+

The resultant wave amplitude upon exit of the retarder is the sum of the transmitted and
twice-reflected components:

A,(1 - - rf) + r2(1 - rt)(1 - i/1)'e-O]
S -ei(W# !)[(1 - r.)e - i + r((4)a' Aj(1 - j,o)e("-)(1-re- + r' (1 - r.)(1-r/) -(2+3)
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I now assume that 77f = 17, = 0, as most research quality PVA waveplates are highly trans-
mitting. Any imbalance of the absorption for the fast and slow waves will result in a slight linear
polarization from the device. Furthermore, I assume that rf = r, = r. This also is a good approx-
imation for ASP, as the transmitting optical elements potentially having significant retardance
are all near normal incidence. Under these assumptions, equations (4) reduce to:

" Azes(wt-oI)[(1 - r) + r 2 (1 - r)e-2i•f (

i, - A1 ei(wt-oI)[(l - r)e-i 6 + r2(1 - r)e-'(20I+
36 )]

Since r < 1, I may neglect terms of higher order than r2 . I also ignore the overall phase factor
6f common to both ii' and ii'. The amplitudes of the polarized components of the emergent
waves may be expressed in terms of the incident amplitudes (eq. 1):

a,= a,[(1 - r) + r 2e-'] = Hiia(

l= a1 [(1 - r)e-' 6 + r2 e--(+36) H22iiy

where I have defined 0 = 20f.

d) The Coherency Matrix Formulation

The coherency matrix formalism (see Appendix C of Jefferies et al. 1989) most easily allows
one to determine the Muller Matrix from the matrix expressing the modification of the wave
amplitudes upon traversal of the retarder. If one describes the modification of the complex
amplitudes of the wave by a 2 x 2 complex matrix H:

A'=H-A (7)

where the matrices A, A' are given by

A [a, 01 '=Fa 01 (8)
0 jiia , OJ

and H is the diagonal interaction matrix whose components are given by HI and H/22 in eq. 6.
Then using the results of Jefferies et al., the Stokes vectors upon input (S) and exit (S') of the
retarder may be expressed as:

3 3

S = trace {fak [Hj Ht] } S = MkSj (9)
j=o j=0

where ak are components of the Pauli matrices, and M is the Muller matrix which we seek.

e) An Expresaion for the Muller Matrix of a Fringing Retarder

Performing the matrix algebra, ignoring terms of order greater than r 2 , and defining the
transmission fraction t = 1 - r, I have:

Y a' 0 0 (10)0 0 C' d'

.00 -d' c
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where1 eal = I(HI1,1 + H22 H;*2 ) = t2 + tr 2 [cos 0 + cos(O + 26)]
1

b' = 1(HHI - H22 H 2 ) = tr2 [cos- cos( + 26)]
2(11)

= -(H 22 H1 + H, H;2 ) = t2 cos6 + tr2 [cos(k + 36) + cos(O - 6)]
2

d 2 - HH 2 ) = t2 sinb + tr 2 [sin(O + 36) - sin(k - 6)]2

It is easily seen that the expression (10) may be broken into a sum of Muller matrices
describing an ideal retarder (M,) and the perturbation due to the fringing effects (Mp):

[10 0 01 [ab 001

M=M,+Mp=t 2 t 1 0 0 + tr2  b a 0 0 (12)0 0 o CO sin b 0 r 0 c d

0 - sin COSb 0 -d c

where I have the following coefficients of the perturbation matrix:

a = [cos 4 + cos(4 + 26)]

b = [cos 0 - cos(o + 26)] (13)

c = [cos(4 + 36) + cos(O - 6)]
d = [sin(O + 35) - sin(¢ - 6)]

IV. WHAT WILL THE FRINGES FROM THE ROTATING WAVEPLATE
DO TO THE ASP SIGNAL?

a) The Perturbation Matrix for a Rotating Waveplate

The rotating waveplate modulator in ASP is located very near an image of the aperture,
so that any fringes introduced by it will appear at the focal plane of the spectrograph as pure
spectral features, with no variation along the spatial dimension, i.e., along the slit. As the
waveplate rotates, the polarization character of the fringes will cause a modulation of this fringe
pattern. I now ask if this modulation will affect the inferred Stokes signal of the polarimeter.

We understand what to expect from an ideal rotating waveplate described by M,. In order
to understand the influence of the pertururbation matrix, Mp, we must subject it to the rotation:

M' = R-'MPR (14)

where R is the rotation matrix

1 00 01
R 0 cos2a sin2a 0 (15)

R= -sin 2c cos2ot 0
.0 0 0 1
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and a is the time-dependent angle of rotation. The rotated perturbation matrix M' has the form:

[a be 2  bs 2  0

t2 bC2  (ac2 + CS2) c2s 2(a - c) -6s 2 (6
, -r 2 2dc (16)

PbS 2  C2 S2 (a - C) (aS2 + CC2) dc

L0 ds2  -dc 2  c

where c, = cos na and s,, = sin na.

b) The ASP "Dual-Beam" Polarimeter

The final demodulation scheme separates out the two polarizations corresponding to I' ± Q'
and differences these two signals. The difference signal resulting from the fringes is given by:

D~ ~ = cI(a '+s)Q +(ac -sdS2 V

= bc2 I + {0.5(a + c) + 0.5(a - c)c4 }Q + 0.5(a - c)s4U - ds2V

This form has the following consequences:

1. The fringes change only the amplitudes of the Q', U', V' signals as detected by the polarimeter.
No frequency or phase change of the modulation of these quantities results from fringes.

2. The "DC" term in the demodulated Q' signal is altered. This is of no consequence for our
measurement, except for an insignificant increase in some seeing-induced crosstalk among the
Stokes parameters which result from such offset terms (Lites 1988).

3. The fringes introduce a modulated Stokes I signal into D that has the same frequency as the
modulation of V. But this is not of concern since the phase is ir/2 different than the modulation
of V (in the absence of fringes). Careful calibration of the phase of the demodulation should
then remove the influence of this form.

In summary, fringes in the rotating waveplate should not affect observations if the polarimeter
is properly calibrated on a pixel-by-pixel basis, i.e., both along the slit and the dispersion. The
net fringe amplitude from the rotating waveplate should be less than the theoretical values of 0.5
- 1%, due to irregularity of the surfaces of the modulator waveplate. In addition, rays passing
through the modulator at differing angles in the f/36 beam will produce a range of phases 0. The
detector will average over this range.

c) The ASP Prototype "Single-Beam" Polarimeter

The single-beam polarimeter detects the signal from only one orientation of linear polariza-
tion emerging from the rotating waveplate: for example, the I' + Q' signal. In this case, the
demodulation signal for the fringe perturbation is given by:

D=(a + bC2)I + [bc2 + (aC+ cs )]Q[bS2 + c2S2(a- c)]U - d 2 V

-= (a + bc2)I + [O.5(a + c) + c2 + 0.5(a - c)c4]Q + [bS2 + 0.5(a - c)S4 ]U - dV (8

Comparing eq. 18 with the signal for the dual-beam detector scheme (eq. 17), one finds several
new sources of crosstalk:

1. Stokes Q is now modulated at the same frequency as V, but Z out of phase.

2. Stokes U experiences a modulation at the same frequency and phase as Stokes V. The fringing
in the waveplate thus produces a U --+ V crosstalk.
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V. SUMMARY

The formalism of Jefferies et al. (1989) provides a prescription for expressing the effects of wave
interference in optical elements of a polarimeter in terms of Muller matrices. This prescription is
simple and straightforward to apply.

Under the assumptions made in Section III.B, I find that the amplitudes of the fringes from
the rotating waveplate should be of small amplitude, and the net result of such fringes will be the
necessity of calibration of the polarimeter at each wavelength. The fact that the waveplate sits in
a divergent f/36 beam and is known to have a slight optical wedge probably reduces the effects of
fringes in this optical element to a level comparable to or smaller than the 10- 3 precision needed
for ASP. It should be noted that no fringes of this type were observed at the level of a few tenths
of a percent in the recent ASP prototype polarimeter run.

Other optical devices may show large effects of polarizing fringes. As pointed out by Makita et
al, (1982), optically active elements such as crystalline quartz (where a linearly polarized beam
traveling along the optical axis will rotate its plane of polarization) may show much more dramatic
fringing effects resulting from the optical activity. Such behavior may be easily described through
the application of the prescription given above.
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Discussion

J. Harvey: The effect of multiple reflections in wave plates in not trivial in some precise polarization
applications. The exact theory is given by lHolmes (J. Opt. Soc. Amer. 54, 1115. 1964). This shows for

example, that a simple quarter wave plate may have a retardation of a quarter wave at several different
wavelengths rather than just one. A good discussion of these effects is in the Makita solar polaruneter is
given by Makita et al. Ann. Tokyo Ast. Obs. 19, 24, 1982).

Ai G.: Do you find any fringes in measurements of Dopplergram as used different wavelengths"

B. Lites: Fringes do not seem to be apparent at the few x 10-3 I continuum level in our Stokes images.
which are differenccs of 128 images taken over an interval of about 2 seconas. Since we do not produce

" Dopplergrams", but spectra, and we derive velocities from the line profiles, we cannot at present assign a
velocity error to optical fringes which we do not see.
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ABSTRACT
The difficulties of using ground-based instrumentation to measure weak vector magnetic fields in the

photosphere through polarization measurements of high precision in the visible spectrum are discussed.
Integration times sufficient to attain the needed precision are so long that both seeing and the intrinsic
evolution of the solar photosphere present the extremely difficult task of eliminating the influence of
strong-field regions. A much more reasonable approach to this observational problem is to use the very
high Zeeman sensitivity of lines in the thermal infrared. The polarization in these lines remains large
even for magnetic field strengths less than 100 G, and it should be possible to identify weak field regions
coexisting in an observing element with the strong field signature of flux tubes.

I. INTRODUCTION

Recently there has been some discussion concerning ground-based measurement of visible
wavelengths with high polarimetric precision. Two of the most important reasons cited for at-
tempting high-precision measurements of the visible solar spectrum are to measure weak fields
in the photosphere and to measure chromospheric fields. Other applications of high-precision
plarimetry include depolarization due to the Hanle effect, specifically in prominences (Leroy et
al. 1983), and resonance polarization near the limb of the Sun. these latter two effects are

interesting applications of precision polarimetry, but they will not be considered further here.

The question is still open whether a weak component of the solar magnetic field coexists in

the photosphere along with the dominant component, i.e., strong fields which are highly localized

in sunspots and flux tubes. If indeed a diffuse, weak magnetic field is present in the photosphere,

then its existence raises a very interesting scientific question: how does this field resist being swept
to the loci of strong downflows in the intergranular lanes? Both numerical simulations (Nordlund

1986; Nordlund and Stein 1989, 1990) and theory (see Schdissler 1990 for review) suggest that

a diffuse, weak magnetic field would rapidly be transformed into isolated flux tubes. Yet some

observations (Zirin 1987) using longitudinal magnetographs suggest a weak field component does

indeed exist with a strength of < 100 G. Spruit et al. (1987) argued the theoretical case for a
weak, mixed polarity background field.

Magnetic fields with strengths of one to a few hundred G may exist in the upper photosphere

above active regions. Evidence for these weaker fields comes from infrared measurements (Denting

et al. 1988). Higher up in the chromosphere, the field is known to become very much more diffuse
than in the photosphere. It forms the chromospheric canopy (Jones 1985), where kilogauss field

strengths may be the exception (directly over sunspots) rather than the rule. The problem of

measurement of vector magnetic fields in the chromosphere is then more difficult than in the

photosphere both because of the much weaker field strengths and because of the paucity of

chromospheric lines with appropriate Zeeman splitting (Lites et al. 1988). At present, it appears

*The National Center for Atmospheric Research is sponsored by *he National Science Foundation.
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that only those chromospheric lines between 390 - 1100 nm are viable candidates for measurement
of chromospheric vector magnetic fields.

These are two of the most important reasons to attempt high precision measurements of the
visible solar spectrum. Other applications of high precision poldiliicry include depolarization
due to the Hanle effect, specifically in prominences (Leroy et al. 1983), and resonance polarization
near the limb of the Sun. These are interesting applications of precision polarimetry, but they
will not be considered further here.

In the case of measurement of chromospheric fields one expects the field strength to vary
with position on the disk much more slowly than in the photosphere due to the expansion of the
field resulting from the large drop in gas pressure with height. Extreme angular resolution may
not be needed for these measurements: with moderate resolution (0.3", for example), the filling
factor for the field may be very large; that is, at most locations in the chromosphere the scale of
horizontal variation of the field may be large compared with this dimension. In view of all of the
interesting physics connected with the measurement of vector magnetic fields in the chromosphere
(c.f. Lites et al. 1988), it is cbirely appropriate to consider ground-based measurements of the
chromospheric vector field using lines in the visible spectrum. The challenges provided by the low
intrinsic polarization signals of the chromospheric magnetic fields may be met by new facilities
such as THEMIS and LEST.

The case for measurement of weak magnetic fields in the photosphere using the visible spec-
trum is much more clouded. In Section II I will first give some justification for moderate po-
larization accuracy when measuring strong fields in the photosphere. Section III outlines the
polarization and angular resolution requirements for measurement of weak fields using lines in
the visible. I summarize the difficulties of achieving the signal-to-noise ratio necessary to measure
such weak fields in Section IV. Another problem associated with measurement of weak fields, the
photon flux requirement, is summarized in Section V. In Section VI I suggest a possibility for a
new type of detector which would eliminate all of the the polarization crosstalk due to seeing.
maintain a highly efficient use of the available photons, and greatly reduce the problems associ-
ated with the variation of detector sensitivity from pixel to pixel. The possibility of measurement
of weak fields using Zeeman-sensitive lines in the thermal infrared is discussed in Section VII.

II. IS HIGH POLARIMETRIC ACCURACY NEEDED FOR QUANTITATIVE
MEASUREMENT OF STRONG PHOTOSPHERIC MAGNETIC FIELDS?

At photospheric heights it is believed that most of the solar flux resides either in sunspots,
pores, or in small flux tubes with field strengths of the order of 1000 G or greater (Stenflo
1973). The diagnostics developed for simultaneous measurements of several spectral lines in the
visible suggest that, outside of sunspots, roughly 90% of the flux resides in these strong-field
concentrations (Howard and Stenflo 1972). Measurements by Rabin (in these proceedings) using
lines at 1.5 microns confirm that the fields are strong in plages. Interpretation of polarization
measurements of photospheric lines must be constrained by this reality: the fine structure of the
field away from sunspots demands very high angular resolution, but at visible wavelengths the
intrinsic (i.e., resolved) line polarization will be large.

Polarimeters designed for modest sensitivity to polarization (I0-' relative to the continuum
intensity I,), but with nearly complete resolution of both the line profile and the small scale
features, will provide a level of polarization accuracy that is adequate to reveal the polarization
signatures of the magnetic fields in Zeeman-sensitive lines of the visible spectrum. This polar-
ization accuracy would cause only a few percent distortion of typical strong-field Stokes profiles



Sensitivity to Polarization 175

(Figure 1). Departures of the real solar atmosphere from the idealized atmospheric models that
form the basis for inversion of the profiles will generally produce distortions of the profiles of this
order or larger. Distortions of this magnitude will not cause appreciable errors in the inferred
magnetic field (Skumanich, et al. 1985).

Lower spectral resolution or spatial averaging of the magnetic features will hide essential
physics of the line formation and magnetic fields. Nonetheless, much may be learned from po-
larization measurements of somewhat degraded angular resolution, provided full Stokes profiles
of several spectral lines with similar formation properties but differing Zeeman sensitivities are
obtained simultaneously. Suppose that one flux tube could be isolated within one 0.6" square
pixel of a polarimeter. If the flux tube is of the order of 0.2" in diameter, one could accept a
polarization accuracy of 5 x 10-4 for this pixel yet still obtain an accuracy of 10% in the Stokes
Q profile averaged over the flux tube. Such accuracy may be sufficient to determine the mean
orientation of the flux tube relative to the local solar normal with an accuracy of the order of
5-10 degrees.

Thus, polarimeters designed for good (-. 10-3) but not extreme polarization accuracy and
high angular resolution will be able to address a wide range of important scientific questions
regarding magnetic fields in the photosphere including: the structure of sunspots; the emergence
of flux and its subsequent dispersal, recombination, and submergence; and the buildup of magnetic
shear induced by large scale motions in the photosphere and below.

III. POLARIZATION AND ANGULAR RESOLUTION REQUIREMENTS
FOR MEASUREMENT OF WEAK PHOTOSPHERIC FIELDS

Figure 2 shows the simulated Stokes profiles for a magnetic field of strength 100 G. If the
field is reduced to 10 G, the Stokes I, Q, V profiles have nearly identical shapes, but the Q profile
is reduced by a factor of 10-2 and the V profile is reduced by a factor of 10-1 relative to the 100
G case, as expected from the weak-field limit (Stenflo 1985; Jefferies et al. 1989). The magneto-
optical effects are nearly eliminated in the 10 G case, so that Stokes U is never greater than
10-'1'. This figure demonstrates that it will be necessary to attain a polarization accuracy of
10-4rI or better if one desires to measure the vector field with modest precision for field strengths
of 100 G or smaller. This requirement is even more stringent if significant spectral degradation
is imposed (i.e., filtergraph polarimetry with bandpass > 0.01 nm.)

A further requirement for weak field measurements is imposed by the confinement of much
of the magnetic flux to small flux tubes: one must achieve very high angular resolution along
with low scattered light in order to avoid contamination of the weak field regions by polarized
radiation from the flux tubes. The nonlinear behavior of linear polarization with field strength
guarantees that a small contamination of the weak field region by a neighboring flux tube would
lead to a completely erroneous measured polarization signal. Rabin et al. (1990) have measured
the average magnetic flux density outside active regions to be 1.8 x 1023 and 6.1 x 1023 Mx for,
respectively, solar minimum and solar maximum. The mean field strength implied by these fluxes
is 3.1 and 6.1 G, respectively. If much of this flux is confined to flux tubes of strength about
1000 G, then the mean separation between such flux tubes is 3.7 and 2.6", respectively. These
estimates are upper limits for the mean separation, as the flux measurements of Rabin et al.
(1990) do not fully resolve all of the structure in the magnetic field so that some cancellation
of polarization must occur. Very high angular resolution is thus imperative to isolate weak field
regions in between such a distribution of flux tubes.
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Fig. 1. Synthetic Stokes Profiles of Fe 1 525.02 nm Fig. 2. Profiles computed the same as those in
are shown as computed from a Milne-Eddington model Figure 1, except with I B =100 G.
atmosphere with the following parameters: I B I --=
1000 G, -y = 45*, X =ý 00, AAD = 3.5 pm, a
(damping) = I pro, r]0 = 20, #hi, = 0.8, b0 = 0.2.

Such measurements must also be carried out in a way that places the weak field regions in the
context of the surrounding magnetic structure of the atmosphere, in order to avoidl contamiination
by magnetic signal from the strong field flux tubes. This requirement demands the use of two-
dimensional detectors.

IV. HOW COULD A POLARIZATION ACCURACY OF 10-4 BE ACHIEVED?

If two-dimensional detectors are a practical requirement for measurement of weak magnetic
fields, then one must ask how a polarization accuracy of 10-4 may be achieved with such detec-
tors. The signal-to-noise ratio (SIN) attained by the measurement must be compatible with the
polarization accuracy, and it sets the minimum number of photoelectrons that must be sampled
to reach a polarization accuracy of 10-4. This constraint sets a fundamental limitation upon the
integration time for weak-field measurements which is independent of the size of the telescope or
the efficiency of the optical system.

If the effciency of the device which modulates the polarization were 100%, then one would
need a minimum of 108 sampled photoelectrons to attain a S/N of 104 . Most modulation schemes
are not this efficient. Typically, the efficiency is about 50%. In this case 4 x 108 photoelectrons
must be measured. The well size of the array detectors being used determine the number of
expose/read cycles that must be carried out in order to build up the desired SIN. In practice, it
is undesirable to approach the nominal full-well state of a CCD detector, due to nonlinearity near
saturation. Using half-full-well accumulation as a guideline, one may place the typical number of
photoelectrons in the continuum per expose/read cycle at 5 x 104 (for the ASP cameras which
operate at 60 Hz readout) to 2 x 103 (for CCD cameras wvith pixels roughly 20 pl on a side). Thus,
one will need between 2,000 and 10,000 expose/read cycles to attain a SIN of 104 in the Stokes

parameters.
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A medium-sized format CCD (400 pixels on a side) may be read at about 60Hz at room
temperature without having the read noise dominate the photon sampling noise, provided the
number of photoelectrons is a reasonably large fraction of the full well. At this read rate, between
30 and 170 seconds are necessary to accumulate enough photoelectrons for a S/N of I0', even if the
read noise is negligible. This sample time is unacceptable for two reasons: 1) seeing fluctuations
during such long periods virtually guarantee an unacceptable degradation of the image quality,
and 2) even if the seeing were perfect, the small-scale structure of th, solar scene will evolve
radically during this period.

V. IS THERE ENOUGH LIGHT?

Even if one could somehow overcome the difficulties outlined in Section IV. one is still faced
with limitations imposed by photon flux. The demands for high precision in Stokes polarimetry
lead to the high photon flux requirement shown above. This difficulty is compounded by the
reduced efficiency of the total optical system due to the polarizing optics and the dispersing
elements (a spectrograph or a filter). The needs for high angular resolution and low intrinsic
polarization of ground-based telescopes increases the complexity of optical systems - LEST being
a good example. The result is that the net efficiency of the optical system for Stokes polarimetry
is only a few percent.

If one takes the HAO/NSO Advanced Stokes Polarimeter as a typical example (Lites et al.,
in these proceedings), one finds that, with 0.4" pixels and 3 pm wavelength resolution, the ASP
attains 1/4 to 1/2 the full-well limit in the 1/60 sec exposure time using the 76 cm Tower Telescope
as a light feed. A pixel size of 0.1" is more appropriate for the needed angular resolution. For this
pixel size the amount of light falling upon the detectors is reduced by a factor of 0.06. A factor
of 10 enhancement of flux from a larger telescope such as the LEST could make up for miuch of
this deficit, and more efficient dispersing elements (such as a Fabry-Perot interferometer) might
replace the rest of the flux.

There are several other gains that are possible when one is searching for weak fields. The
weak field approximation (WFA: Jefferies et al. 1989) for the line formation shows that the shapes
of the Stokes profiles are set by the shapes of the Stokes I profile for weak fields. Two advantages
are then possible: 1) a simplified analysis for the extraction of magnetic fields is appropriate, and
2) the full spectral resolution is not needed as the shapes of the Stokes Q, U, V profiles do not
enter into the analysis*. Filter measurements with roughly 10 pm bandpass should be adequate
for this task. This gain in photon flux from the wider bandpass will allow one to fill the wells of
CCDs with larger pixels, thereby considerably reducing the number of expose/read cycles. With
LEST, the 30-second integration time could be possible for this kind of measurement.

Thus, even with the largest telescopes that will become available during the coining decade,
the light flux will not be sufficient to achieve the 104 S/N with reasonably short exposure times.

VI. AN EFFICIENT DETECTION SCHEME FOR STOKES POLARIMETRY

The Stokes V signature decreases linearly with field strength, whereas Stokes Q and U de-
creases quadratically. Figures 1 and 2 show that such measurements must not only achieve the
appropriate S/N, but crosstalk, particularly between Stokes I and V to Q and U, must also be
minimized. Therefore, very rapid modulation/demodulation of the polarization signal will be
essential to redure the seeing-induced crosstalk for weak field regions (Lites 1987). In the fu-

*Note that the WFA also indicates that the only utility of a multi-line analysis would be to

determine if any strong-field signal is scattered into the resolution element.
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ture, modulation schemes such as the one described by Povel (in these proceedings) in which the
modulation is carried out much faster than typical seeing fluctuations, must be used.

The particular device suggested by Povel, and as applied to simultaneous measurement of
all Stokes parameters (Stenflo and Povel 1985), accomplishes very well the elimination of seeing-
induced crosstalk but it is inefficient in its use of the available photons. More than half of the image
plane at the detector is masked from the incoming light. In addition, the Q, U, and V signals are
modulated at different frequencies/phases, so three separate beams with three separate detectors
would be needed to make simultaneous measurements. Thus, the system is about a factor of 6
less efficient than theoretically possible, and it uses only one of the possible two linearly polarized
states available. Therefore, a gain of a factor of 12 in efficiency is possible. If light flux is the
limiting factor (as is usually the case in Stokes polarimetry), then it is theoretically possible to
have a more efficient system on a telescope the size of the NSO/Sunspot Vacuum Tower Telescope
than would be the Povel/Stenflo system on LEST.

How could such an efficient demodulation system be constructed? An elegant scheme would
be one in which a CCD-like device that would have several identical planes stacked vertically one
upon another (Figure 3). The subsurface planes would be blind to the incoming radiation, and
thus could be used for on-chip charge storage. For such a device to work, it must cycle the charge
gathered on the surface plane of the CCD downward through the lower planes, then from the
lowest plane back up to the surface, in a rapid sequence. With such a device it would be possible
to demodulate the Q, U, and V signals simultaneously with no loss of efficiency either at the
surface of the detector or through beamsplitting.

hv

Light-Sensitive Pixel

e e

Fig. 3. Shown is one possible arrangement for an on-chip demodulation device, conceptualized by G. Murphy.
Light is detected by the top element as in an ordinary CCD. The photoelectrons are then circulated below the active
surface of the chip in the direction of the arrows. The eight charge wells would allow rapid demodulation of the full
Stokes polarization signal.
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VII. THE THERMAL INFRARED

The problems associated with measurement of weak vector fields using lines in the visible
spectrum seem insurmountable with present or foreseeable instrumentation. Even if one were to
operate a polarimeter in space, the angular resolution/scattering problem would be formidable,
and the evolution of the solar scene would have to be resolved.

Elsewhere in these proceedings Deming has summarized the advantages of the high "magnetic
sensitivity" of lines in the thermal infrared. Most of the problems associated with the measure-
ment of weak magnetic fields using visible lines vanish at these wavelengths. Even if th. telescope
does not resolve individual flux tubes, the polarization signature of the weak fields may be dis-
tinguished from those of strong fields in the unresolved profiles themselves. The profile splitting
is considerable at 12ju even for 100 G fields. Thus, the linear and circular polarization signatures
remain roughly the same strength, and comparable to the Stokes I signature, for weak fields. The
direct measurement of the wavelength splitting of the Zeeman components will indicate the field
strength for fields down to about 100 G. For weaker fields one would assume a large filling factor
and determine the vector field using the WFA.

It should be noted that the problem of detection of weak fields using lines in the visible
is greatly eased if one is satisfied with measurements of the longitudinal field component only.
The linear dependence of Stokes V upon field strength allows one to relax considerably the
requirements on polarization accuracy for weak field measurement. However, the stringent angular
resolution requirements are still needed to isolate flux tubes, and the uncertainty associated with
resolution/scattered light problem will always cast those inferences of weak fields in doubt.
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Discussion

S. Koutchmy: I am not quite as pessimistic as you are concerning the threshold of detection for the "weak"
fields. From our experience we find out that a 10-1 precision seems already reached on a single video-
magnetograph when automatic subtraction of the darkest level is done properly; then 400 magnetograms
(100 sec integration time) for example can be "add and or" processed, improving the precision by a factor
20 at least, which means a precision of 5. 10-. However, we are indeed very limited when doing integration
by intrinsic changes (amplitude variations; proper motion) of the faint magnetic element; with the current
resolution we have now at the VTT/SP we saw definite changes in a small flux point (4. 1016 Mx) in less
than 50 sec.

B. Lites: I seriously doubt that you achieve a signal to noise of 10-3 from single frames of a video camera,
for reasons discussed in this paper. If you add N frames to make a "single video-magnetogram", then you
must demonstrate that the individual frames have a noise level of IvN. 10-3.

C. Keller: The polarimeter described by Povel in this meeting reaches an accuracy of about 2. 10- in a
single exposure. By improving the electronics it seems to be feasible to read 1 _ 10-3, without having a full
well depth of 106 electrons. A video-magnetograph as mentioned by Koutchmy will never obtain such a low
noise level in a single exposure.

B. Lites: I do not understand how one can exceed the statistical limitations of signal to noise imposed by
the number of photons actually sampled (and as represented by the number of photoelectrons). Thus. I do
not believe that a signal to noise of 103 is possible with fewer than 106 photoelectrons.

J. Harvey: One of the difficulties you pointed out is the limited ability to make a high S/N measurement
quickly. One way this could be improved, given a large telescope, is to beam split excess light onto many
CCD's simultaneously. One might also use many spectrum lines simultaneously to improve S/N.

G. Chapman: A serious limitation to doing all magnetic studies using the 12 p lines is that they are formed
in the low chromosphere and thus it would not be possible to study the magnetic fields in the photosphere.

B. Lites: It is not clear that they are formed in the low chromosphere, or even at the temperature minimum
They are certainly formed above the deep photosphere, however. Several groups including Rutten and
Carlsson in Utrecht are studying this problem. There are likely to be other lines in the thermal infrared
which are in absorption.

J. Stenflo: I think your theoretical estimates of measurement errors based in Poisson statistics are not
correct, since they disagree in the experimental results. We obtain a polarization accuracy of close to 10-3

in a single CCD frame, although our CCD does not have a deep well structure. When determining the
relative error as 1/v'W, it appears that N should be represented by the number of incoming photons rather
than the number of accumulated electrons in the detector.

B. Lites: The number of detected photons set the statistical properties of the measured signal. The number
of photoelectrons in the CCD well represents the number of detected photons. Otherwise, you would be
creating measured information from photons which do not interact with the experiment, a situation that
seemingly defies fundamental laws of physics. I suggest that there must be something wrong with the noise
measurement in your CCD images.
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A. Gary: MSFC have a detail analysis of a space-borne magnetograph (SAM EX) ba.ýd oU1 a U _..i arc
pixel which shows possibility at I0-4 polarization measurements with a filter magnetograph. Is this spatial
resolution enough or what would you suggest, knowing that data rates must be considered?

B. Lites: A resolution of 0.25" should be sufficient for weak field measurement, provided it is a true
0.25". Even a small amount of scattering could allow contamination by nearby kilogauss field regions, The
measurements must be taken during a time interval short compared to the migration time of flux tubes.

S. Solanki: Even if it may appear almost hopeless to find very weak fields in the visible or near IR. we will
still have to try, since we cannot resolve weak fields with polarities mixed over short distances with the 12p
lines without building HUGE telescopes.

B. Lites: However, huge telescopes are considerably easier to make for IR wavelengths.

D. Rabin: The near infrared may be the ideal place to search for weak fields. To take the example of FeI
6389 cm-1, g = 3.0, application of radiative transfer models to its Stokes profiles should allow fields as small
as 200 gauss to be extracted with confidence. Additionally, the flux per Doppler width is comparable to
visible-wavelength lines, and high angular resolution can be obtained with meter-class telescopes.

Ai G.: Which is main source of the noise, a count of the electrons or the seeing?

B. Lites: Seeing is the fundamental limitation in present measurements. [f the images can be improved,
then I suspect that we will feel the limitations of light flux and the detector more strongly.

L. November: I think that qualitatively the Stokes maps derived in active regions look rather good with'
single CCD images (i.e. Topka). Clearly, if the polarized signal is .06 and the signal/noise in a CCD readout
600 then the polarized signal to noise is 10. Maybe this is not too bad as a practical possibility. Of course
Q, U oc B 2 and V oc B so a limitation in S/N must occur with reduced field strength.
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Using KD*P Modulators to Measure the Stokes Vector on the Sun

E. A. West

NASA/Marshall Space Flight Center

ABSTRACT

Longitudinal KD*P modulators are used in ground-based solar magnetographs to
eliminate seeing effects. Although these modulators can be used as variable retarders,
their optical properties when zero voltage is applied will influence their performance in
instruments requiring very accurate polarization measurements. This paper will discuss
measurements that are -being made at the Marshall Space Flight Center (MSFC) on the
optical properfies of different KD*P modulators when zero voltage is applied and how these
properties affect their performance in the Marshall vector magnetograph. The temperature
dependence, field of view errors, polarization fringing and the dc bias problems will also
be discussed.

I. INTRODUCTION

Longitudinal KD*P modulators have always been a part of the polarimeter of the
MSFC vector magnetograph (West, 1985). Although these devices allow the magnetograph
to rapidly modulate between polarization states to minimize seeing effects, understanding
the systematic errors associated with these devices, and how to minimize those errors, is
essential for an instrument that is trying to make very accurate polarization measurements

< 10-3). Some of the systematic errors have been described in other articles, and a more
detailed discussion of those errors can be found in the referenced articles. When reading
this paper (and many of the referenced articles), the reader must keep in mind that, in
vector magnetic field measurements, the circular [V] and linear [Q, U] polarizations are
not created equal. Linear polarization created by active regions near the center of the
solar disk is inherently weak when compared to the circular polarization signal, and the
transverse field, BT, is related to the square root of the total linear polarization signal
(BT ; VP-H) while the longitudinal field, BL, is directly related to the circular polarization
signal (BL 1 Pv). Therefore, to improve the resolution of the vector magnetic field
measurements, the accuracy of the linear polarization measurement is usually emphasized.

II. SYSTEMATIC ERRORS

The systematic errors that the instrumentalist must be aware of when using longitudi-
nal KD*P modulators are: (1) the temperature characteristics, (2) the optical properties,
and ý3) the electrical characteristics.
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A) Temperature Characteristics

The following equation gives the relationship between the halfwave voltage (V, ) of a
KD'P modulator and its temperature (Ti):

V1 = VRT( Tl'-T)n TRT -T¢

where V1 is the halfwave voltage at temperature TI, VRT is the halfwave voltage at room
temperature. T, is the Curie temperature (222 'K), TRT is room temperature (29S -K).
and T, is the temperature of KD*P.

The room temperature halfwave voltage is usually dependent on the deuteration level
of the KD*P crystal; the higher the deuteration level the lower the halfwave voltage. Figure
1 shows the temperature dependence of two KD*P modulators that have been used in the
MSFC vector magnetograph. To minimize any systematic errors due to temperature drifts,
the MSFC KD*P modulator has a temperature controller whose temperature is set to 10
'F above the expected maximum ambient temperature. Since there was limited space in
the MSFC polarimeter section of the optics box, the controller had to be set up in this
way to minimize distortion from thermal convection. The temperature is then monitored
by the data acquisition computer and will warn the observer when the KD*P temperature
is out of range. Large thermal transients must also be controlled or the modulator may be
damaged since the windows and KD*Ps expand (or contract) at different rates.

0 Slm-1 982

C0 so, N1 to

Temperalure (OF)

FIG. 1. Temperature characteristics of KD*P modulators
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B) Optical Properties

Figure 2 shows the optical (and electrical) elements that make up a longitudinal KD*P
modulator. Transparent, indium tin oxide (ITO) electrodes are placed on both sides of a
IKD*P crystal with a gold electrode at the outer edge of the aperture. The aperture size
is > 25 mm and the thickness of the KD*P crystal is approximately 3 mm.

The optical errors that must be minimized when using longitudinal KD*Ps in vector
magnetic field measurements are: (1) stress induced birefringence, (2) field of view errors
and (3) polarization fringing.

Window

ITO Electrode

K01' (30 X 30 X 3mm)

)10 E Ject D JJ 1904 onjefr ring)

$I

VJIWnflow ( I inch alellilm

F1G. 2. Schematic of longitudinal KD*P modulator

i) Stress-Induced Birefringence

A recent study (West and Bhatia, 1990) at MSFC implied that the bi-axial properties

that have been seen in some of the longitudinal KD*P modulators used in the MSFC
vector magnetograph were stress induced. Table 1 is for the unmounted KD*P samples
while Table 2 is the KD*P modulators obtained commercially. The data suggest that
KD*P crystals can be grown with zero birefringence along the "optic" axis (An, should

be zero for a uniaxial crystal) and that the biaxial properties that have been observed
are stress induced. This stress-induced property is usually minimum at the center of the

modulator and maximum at the outer edge. Depending on the stress pattern, the result

can be an integrated, non-zero retardance over the aperture when zero voltage is applied.

In the past a bias voltage had been applied to the KD*P modulators to obtain a "zero"

retardation (see electrical characteristics section).
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Table 1. Unmounted KD*P crystals: cross separation and distance to the first circular
intensity minimum. The thickness and the z direction birefringence (An:) were determined
assuming a distance of 91 cm between the focal point in the KD'P sample and the detector.

KD"P T Cross Estimated Distance to Estimated Measured
Sample no. separation An' first minimum thickness thickness

(mm) (cm) (mm) rmm)

0-3 0 0.0 8.4 ,. 14 4.17
0-7 3 5.25E-7 9.4 3.30 3.10
0-8 2 3.50E-7 8.5 4.04 4.10
0-9 0 0.0 8.4 4.14 4.10
0-11 0 0.0 8,4 4.14 4.10

5-2 0 0.0 8.5 4.04 4.10
5-4 0 0.0 9.7 3.10 3.40

9-2 0 0.0 8.4 4.14 3.95
9-3 2 3.50E-7 8.4 4.14 3.91
9-4 3 5.25E-7 9.6 3.16 3.10

Table 2. Mounted KD*P modulators: cross separation distance and distance to the
first circular minimum. The thickness and the z direction birefringence (An,)
were determined assuming a distance of 91 cm between the focal pgint in the KD*P
sample and the detector.

KD" P Cross Estimated Diameter of Estimated
Sample no. separation An, first fringe thickness

(mm) (cm) (mm)

H87131 20 3.70E-6 10.0 2.91
M-6 6 1.05E-6 10.0 2.91

1919B 2 3.50E-7 10.2 2.80
103 4 7.OOE-7 10.1 2.85

21684 3 5.25E-7 9.6 3.17
M-7 2 3.50E-7 9.6 3.17

ii) Field of View Errors

The field of view errors associated with KD*P crystals (which is a negative uniax-

ial crystal with zero applied voltage) are well known and are natural properties on any

birefringent crystal. Two techniques have been developed to minimize the field of view
errors in longitudinal KD*Ps: adding a positive uniaxial crystal (West, 1978) and a crossed
KD*P design with halfwave plates between the KD*Ps (Guo-xiang and Yue-feng, 1981).

A recent paper has discussed the possibility of extending the the field of view even further

by combining the two techniques (West, 1990).
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iii) Polarization Fringing

At different times the MSFC vector magnetograph has had fringing in it' polarization
data. The fringing pattern is usually the same in the three polarization measurements
[2, _, .L] (Figure 3) although the peak to peak magnitude may. vary. This polarization
pattern is similar to the ring pattern produced by a uniaxial crystal when mounted between
two circular polarizers. TVie diameter of the rings in this polarization pattern changes with
the wavelength position of the Zeiss birefringent filter. Since this is an instrumental error,
it can be removed with the proper calibration (Figure 4).

4

FIG. 3. Fringe pattern seen in polarization maps created by the MSFC vector magneto-
graph. The image on the left is the •- map, on the right the R. The peak to peak polariza-
tion signal for the fringe pattern is ±0.001.

FIG. 4. The polarization maps produced after fringe pattern correction.
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Understanding how this fringing pattern is produced is more difficult. Since this filter
acts as the analyzer for the magnetograph, it is assumed that reflected light from the Zeiss
filter is partially polarized with its major axis at 90' to the transmission axis of the filter.
Since the fast axis of the KD*P is at 450 to the transmission axis of the filter, the reflected
light from the Zeiss filter will travel through the KD*P and will receive a quarterwave
retardance. Light that is reflected at the front surface of the KD*P back toward the Zeiss
filter will undergo another quarterwave retardance but the apparent fast axis seen by tlis
polarized light will be rotated 90'. Therefore in the ideal world, the light will return to its
original state and the polarization pattern would not exist. But a uniaxial crystal that is
mounted between crossed circular polarizers and whose optic axis is parallel to the incident
light will create circular polarization patterns. Since the reflections between the KD'P and
the Zeiss filter would create a crossed circular polarizer system, the source of the fringe
pattern is the unknown. The following are three possibilities that are being studied: (1)
large field of view errors for reflected light that passes through the crystal more than once,
(2) changes in the KD*P thickness with applied voltage, or (3) stress-induced birefringence
creating ± quarterwave fast axes that are not 900 apart. Although the author is leaning
toward the field of view errors, experiments are being tdeveliped that -hould clarify solve
this problem.

C) Electrical Characteristics

Modulation characteristics that have repeatable, time-varying changes are considered
systematic errors and will be discussed here. In order to synchronize the polarimeter with
the CCD camera (in 1980, a SEC vidicon), a dc modulation scheme is applied to the KD*P
modulator. Typical exposure times are 70 ms and the transition from one polarization state
to the next is approximately 2 ms.

There are three problems that have been identified when applying dc voltages to the
KD*P modulators. The first problem is related to the retardation changes at the beginning
of the modulation sequence and the next two problems are related to modulator failures
created by dc bias voltages.

Initially there is some delay in the response of the modulator to the applied voltage
(Figure 5). Although this stabilization time (At-) does vary among the KD*P modulators
(and is probably related to the RC time constant of the KD*P crystal), the response nor-
mally stabilizes after the first four cycles and the data acquisition system starts acquiring
data at this point.

One of the main problems associated with the original MSFC polarimeter (Figure 6)
was the zero to halfwave modulation sequence (2A/2B). Although the dc voltage problems
did not show up in the modulators used in the early magnetograph, electrode discol-
oration and disintegration were problems. If the zero/halfwave modulation failure existed
in the early magnetograph (before 1980), recognition of the problem did not occur until
a new vendor was selected to supply our KD*Ps in 1980. Although the modulators that
were obtained showed a significant improvement in the electrode quality and lifetime, the
zero/halfwave (2A2B sequeuce in Figure 6) modulation became a major problem.
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1. - ý,posiire lile - 70msec

, = dflay belofe cala acquisilion begins
-i start of OC bias voltage fatuie

Memory ( AA?'2 ' '-,A

Sequence ~ ~ ~ K '
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Figure 5. Modulation characteristics of a longitudinal KD*P when a dc voltage is applied.

In the initial cycles the modulator response varies with time. Many of the KD°Ps used at

MSFC would fail if the applied voltage was not symmetric (ex. 2A2B sequence (Figure 6)

which would modulated the KD*P between 0 and 4000 volts).

f - FAST AXIS
'A - TFANSMISSO#4 AXIS

3~ AfUALYzeVI

Sequence No. KD-P, KD-P2 Polnrization

IA OFF + 4 I + V
18 OFF -• I-I'

2A OFF A !4--

28 OFF" OFF 1-Q

3A I+ U

38 i -~ -U

Figure 6. Polarimeter used in the original MSFC vector magnetograph (1975-19S2) con-

sisted of two KD*Ps whose fast axes were 450 apart.
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Figure 5 shows the electrical response of a KD*P modulator when a zeroihalfwave
voltage is applied. Although the time that it took for the failure to become obvious ( Itf )
would vary, all of the new KD*P modulators in 19S0 failed the zero/halfwave modulation
sequence (2A2B). When observing the modulator between crossed polarizers, the failure
would uisually start in the center of the modulator and spread to the outer edge. The
interesting point about this failure was that a reverse modulation scheme (zero/minus
halfwave voltage - dashed line in Figure 5) would cause the modulator to start working
again. Therefore, in 1981 the MSFC polarimeter was redesigned (Figure 7) to eliminate
any zero/halfwave or zero/quarterwave modulation schemes.

The MSFC vector magnetograph began observations using the new polarimeter (Fig-
ure 7) in 1984. At that time bias voltages were used to correct for small retardation errors
in the polarimeter. The retardation errors are from two sources, the stress induced bire-
frnkgence (which will vary with each KD*P modulator) and the retardation errors in the
quartz quarterwave plates used in the waveplate wheel to select the measured polarization
(Figure 7). Even though the bias voltages have been small (200-300 volts), these dc biases
can still create stability problems in some of our KD*P modulators. Until the failure mech-
anism can be corrected, the dc biases have been eliminated and the instrumental errors
are corrected in the data analysis software.

/ / • "• \•...WAVEPLATF W'HEEL

/ 7\I1 . NE

/

S1 05" f - CAST AXIS
/ TA - TRANSMISSION AXIS

NF

7 45'

I WINOOW

2I QUARTZ X /4 PLATE 0"
3, QUARTZ X 14 PLATE
4, KO'P(
5, ANALYZER - ZEISS EItEFRINGENT FILTER

Sequence No. Waveplate KD'P Polarization
Position

1A Window I+V

IB Window -- I-V

2A A(FAO4S) +A I+Q

2B !(FA*45*) a -1Q
3A t(FAO94Y) +A [+u
3B •(FAO90O) 1- _- U

FIG. 7. Polarimeter in existing ,SIFC vector magnetograph (1983-present) consisting of
a single KD*P and a rotating waveplate wheel.
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III. SUMMARY

Although longitudinal KD*P modulators have many systematic errors that the in-
strumentalist must be aware of and must minimize, they have been used successfully in
the MSFC vector magnetograph. Research into the systematic errors of other modula-
tors, such as liquid crystal devices, is underway at MSFC to determine their modulation
characteristics, no candidates have been found with improved modulation characteristics
and a simple interface to imaging bystems. Therefore, KD*Ps will continue to be the ac-
tive element used to minimize seeing effects in the MSFC polarimeter until the "perfect"
modulator can be found.
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Performance of the IAC Stokes I and V
Analyzer

J. Sanchez Almeida; V. Martinez Pillet

Instituto de Astrofisica de Canarias, E-38200 La Laguna, Tenerife, Spain

Abstract: The chromatic behaviour of the IAC analyzer, commonly used at the Ger-
man Vacuum Gregory-Coude Telescope at the Spanish Observatorio del Teide (Canary
Islands), is investigated. It is shown that, through careful alignment of the optical com-
ponents, a nearly perfect circular analysis can be obtained at wavelengths of 4000 A and
6000 A. For other visible regions the crosstalk between linear and circular polarization
can be always made lower than 10 %.

1 Introduction

Laboratory measurements have been performed in order to test the instrumen-
tal polarization of the IAC Stokes I and V polarimeter. It mainly consists of an
achromatic quarter-wave plate ahead of two crossed (turned by 900) linear polar-
izers. Complete descriptions of the device have been given elsewhere (Semel, 1980;
del Toro Iniesta, 1987; Sanchez Almeida, 1988; del Toro Iniesta, Martinez Pillet,
and Vazquez, 1990). The analizer produces two simultaneous images. Ideally, the
intensities of these two images, 11 and 12, should be related to the Stokes I and
V parameters of the incoming light as:

, Oc I + V, (la)

12 Oc I- V. (lb)

To this end, the angle between one of the axes of the A/4 and one of the polariza-
tion directions of the linear analyzers must be 450 and the retardance of the A/4
exactly 900. However, the lack of achromaticity of the quarter-wave plate and/or
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misalignments between the latter and the polarizers will produce an output de-
pending on the four Stokes parameters. Our aim is to measure the importance
of these crosstalk terms and to show that, by selecting particular wavelengths
regions, the ideal case represented by equations 1 can be achieved. It is shown
that, in the visible region of the spectrum, the crosstdlk betweern linear and cir-
cular polarization signals is always lower than 10 % assuming a perfect alignment
between the A/4 and the linear polarizers.

2 Description of the measurements

In the coordinate system where the x-axis coincides with the fast axis of the A/4,
the two outputs of the analyzer will be:

11 = (I MqQ- MU + MvV), (2a)
2
11

12 = 1( + MqQ + MuU- MVV), (2b)
2

where I = (I, Q, U, V)t is the input Stokes vector and:

MTfq = - sin(2zAO), (3a)

MIU = -sin(A6) cos(2.4), (3b)

A= cos(AX6) cos(2zdo). (3c)

In equations (3a-3c), the angle between the fast axis of the A/4 and the directions
of transmission of the polarizers are 45' + AOq (12) and 1350 + dlo (I,). On the
other hand, the retardance of the A/4 is 900 + Ab. Note that in an ideal case
Ab = A0 = 0. In principle, Ab is a wavelength dependent quantity. Once Ab and
A0 have been obtained, the weights of the different Stokes parameters (the M's)
are given by equations (3a-3c).

The measurements were made by introducing linearly polarized light through
the analyzer at an angle 6 relative to the x-axis (measured counterclockwise).
Thus, the input Stokes vector is 1(8) ox (1, cos 20, sin 20, 0)t, which, once substi-
tuted in equations (2a-2b), makes the outputs, I1 and 12 ,'O-dependent quantities.
An example of the modulation of both intensities can be seen in Figure 1.The
solid lines represent least square fits to functional forms like:

I1 = a, - a2 sin 20 - a3 cos 20, (4a)

12 = b, + b2 sin 20 + b3 cos 20. (4b)
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The a's and b's obtained from these fits are related to A2 and .Ao through the
equations:

a2 b2-- = b- _ -_56, (5a)
a, I
a3  b3-- = -- ý - 2,/-1 . (1Sb)
a1

These relations are easily obtained from equations (2), (3), (4) and the input
Stokes vector 1(0) given above. They are valid to first order in Ab and .A1 (i.e.,
AA5, AO < 1 rad).

.34

-• .32

V) .e,-

.28

0 20 40 60 80 100

Fig. 1. The modulation of the two outputs, I, (solid squares) and 12 (open squares), of
the analyzer when linearly polarized light (A =5600 A) is introduced. In the ideal case
no modulation at all should be discerned. The least square fits (solid lines) provide the
neccesary information to derive the crosstalk terms between Stokes V and Stokes Q and
U.

The measurements described above were made at seven wavelengths. We select
the spectral regions using interference filters with a typical band-pass of 100 A.
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For the 4000 A region, where the amount of light of our unpolarized lamp falls
abruptly, a colour filter was needed.

3 Discussion of the results

The results obtained from the measurements are presented in Figures 2 and 3.
Figure 2 shows the variation of A8 with wavelength (the ideal case is zA6 = 0°).
In the laboratory we did not make any distinction between the fast axis of the
quarter-wave plate and the slow axis. This means that we can not determine
the true sign of A6. The negative sign assigned to the great majority of the
measurements in Figure 2 has, then, no real significance. A remarkable fact about
Figure 2 is the good agreement between the values obtained with both images A1
(black squares) and 12 (white squares). Figure 2 tells us that the best spectral
regions to use our analyzer are around 4000 A and 6000 A.

,5

CO o

-5

4000 5000 6000 7000
Wavelength

Fig. 2. The wavelength dependence of the deviations from a 900 degrees retardance of
the quarter-wave plate. Solid squares are obtained from image II; open squares from
image 12. The ideal case would be A6 = 0. The error-bars give the FWHM of the filters
used to select the spectral region.

i I II
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As a proof of the reliability of the measurements, we show in Figure 3 the
excellent agreement obtained for zX measured at different wavelengths in both
images. The mean value obtained was 30 + 0.30.

t o J , , , l , , i , , ,-.. ..

5

-- 0

-10

4000 5000 6000 7000
Wavelength

Fig. 3. Self-consistency of our measurements. A wavelength independent angle A2 of
3' ± 0.30 is found.

Probably the most interesting quantity for the potential user of the IAC po-
larimeter is given in Figure 4. The relative weight between the linear and circular
polarization, i.e., the amount of crosstalk from Q and U to V, is shown as a func-
tion of wavelength. The solid line corresponds to perfect alignment between the
optical components (A, = 00) and gives the minimum crosstalk possible. The
ideal conditions (A6 = 00) are then reached at 6100 A and near the blue part
of the 4000 A region. On the other hand, at 5000 A our analyzer introduces a
10 % crosstalk between the linear and circular polarization signals. The dotted
and dashed lines correspond to AO = 10 and AO = 20 respectively. For these
values the ratio between the weights of the linear and circular polarization be-
comes a less wavelength-dependent quantity, ranging from 5 to 10 %. In order to
illustrate the effects produced by the crosstalk terms of our analizer, we show in
Figure 5 a synthetic Stokes V profile as if it were observed with and without the
crosstalk terms. We chose a line (FeI 5250A) which lies in a spectral region where
the quarter-wave plate behaves especially badly. The profile has been synthesized
using a sunspot model atmosphere (Maltby et al., 1986, with a constant radial
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magnetic field of 3000 G). The sunspot is assumed to be located at ani heliocentric
angle - 600. One can see that the effects are not too pronounced, except that
one is interested in the symmetries of the profile.

C I -- I " I I II

N. •ff -

+ .05

0 Lit

4000 5000 6000 7000
Wavelength

Fig. 4. The wavelength dependence of the crosstalk between linear and circuhr polar-
ization. Solid line is for perfect alignment of the optics (,AO = 0). Dotted and dasthed
lines are for A0 = 1', 2' respectively. The ideal case of a perfect circular analyzer is
reached for perfect alignment (solid line) at wavelengths of 4000 A and 6100 A.

It should be taken into account that the crosstalk originated in the telescope

could increase these values to intolerable levels, preventing any attempt to mea-
sure circular polarization signals. On the other hand, the use of this analyzer at
the German Gregory Coude Telescope located at Izafia (Canary Islands) during
epochs of zero Sun declination, when no telescopic crosstalk is produced (Wiehr
1971, Sanchez Almeida, 1988), and in the wavelength regions we have already
mentioned (where many interesting magnetic lines are present), the contamina-
tion of the circular polarization by linear polarization could be as low as 1-2%
without needing any compensation to the system.
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I 0
WX--\

-. 2 0 .2

Fig. 5. Numerical simulation of the instrumental polarization produced by the analizer.
Using a Stokes V profile of FeI 5250 A synthesized using a sunspot model atmosphere

(see text), we have computed the circular polarization signal produced by the instrument
(I/4-2). This signal is represented versus wavelength (in A and referred to the central
wavelength of the line A0). The solid line corresponds to an analizer with vanishing
instrumental polarization (Ab = AqO = 0) while the dotted line represents the real
analizer (Ab = -5.2",.AO = 0").
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POLARIZATION OF THE DOMIELESS SOLAR TELESCOPE
OF THE HIDA OBSERVATORY (Preliminary Report)

Nlitsugu MAKITA', Yasuh-ro Ft.NAI.OSHI2 and Yoichiro HANAOKA-*

l bwasan Obserratory, Kyoto U'nz-rat•y. Yamashina, Kyoto (07. Jazpan .ind
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Hida Observatory, Kyoto Uonnzrstty. Kanimtaoara, Gifu 506•7-. JIparn

Abstract. Instrumental polarizations of the Domeless Solar Telescope (DST) are measurd with an acurar.'y
of I per cent. The variation of the Stokes parameters from sunrise to sunset is repr buyed y
probable optical constants for the two oblique reflection mirrors in the telescope. TIe tntranc' arnd ..xlt
vacuum windows affect the polarization less than the measured accuracy.

1. Introduction

The measurement of instrumental polarizations is necessary before the measurement of magnetic fields in non
on-axis optical systems. This can tell us an accuracy of magnetic field measurements, or, if the instrumental
polarization varies in some regulax manner, this will make us devise some sophisticated compensators to
increase the accuracy.

The Domeless Solar Telescope (DST) of the Hida Observatory involves two obLique mirrors in its optical
path. In such system the instrumental polarization is inevitable. Farther more, it has entrance and exit
vacuum windows. Therefore, this experiment aims at clarifying if the instrumental polarization can be
described with the two oblique mirror system (e.g., Makita et al. 1982), or, if it is additionally modified by
the distorted windows.

2. Measurement - Polarimeter and Dete -r

Figure 2.1 shows th0 optical layout of th,- DST system. Details on the DST is givIn ,.sewhwre e.g. Nakai a;;i
Hattori( 198,)). In relation to the present study we repeat some features on the -oncerning elements briefly.
The optics of the telescope on the alt-azimuth mounting is the Gregorian system with additional two vwind,-iqws
and two flat mirrors. The system focal length is 32.2 m with F/53.7, that is, 300 mm solar disk image on the
working focus. The entrance window made of BK7 is 660 mm in blank diameter(608 mm in aperture). 40 mm
in thickness. As shown in Figure 2.2, it is mounted in the cell isolated thermally. The measured deflect'.n
of the window was 91,um/500 mm under the operating pressure(l-5 Torr). The exit window of UBK7 is 416
mm in diameter (346 mm free), 40 mm in thickness, supported similar to the entrance window. Two flat
mirrors, the Newtonian in front of the prime focus and the Coudý at the crossing point of the azimuth and
elevation axes, fold the beam 900 respectively and introduce the instrumental polarization obviously. All
mirror surfaces are aluminized and, except for the primary, overcoated to increase the reflectivity with Zeiss
H-08 coating. Windows and slits are coated with MgF 2 to increase the UV transmissivity.

The slit assembly at the center of the working table of the vertical vacuum spectrograph is a stack
piling-up the entrance slit, filters, some analysing devices, etc.. For the present polarimetoric work, it
consists of a slit with 50jum-width x 0.5 mm-length, a rotatable quarter-wave plate and a Wollaston prism
as the polarimeter, and a narrow band filter for the order separation of the grating as shown in Figure 2.3.
The Wollaston prism, made of quan-, splits the incidence beam into mutually orthogonally polarized ones
with the angle of 0.10170; the doubling direction and the azimuth of the ordinary ray are accordant to the
direction of the slit length. By restricting the sLit length to 0.2 mm(= 1.3" of the sun), a pair of well separated
spect:al strips are obtained on the detector. The slit length and the separation angle are so small that the
collimated beams illuminate the grating with no vignetting. To calibrate the orientation of the Wollaston

* Present address. Nobeyama Radio Observatory of the National Astronomical Observatory, Nobeyama.

Minamimali, Minaxmisaku, Nagano 384-13, Japan
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"DST" (The Domeless Solar Tel escope) SYSTEM (Schematic)
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prism, the wave plate is replaced to a linear polarizer with the axis direction "known. Trhe linear disp'ersiojn
of the 14 m spectrograph is 0.176Amm-' at A = 6303 A.

As the detecting device we are using an SIT camera system set on the outlet port of the spectrograph. A
personal computer controls the system via GPIB. The I"-SIT(TH9659) accepts the pair of spectra including
Fe 1 6302.5 and neighboring atmospheric lines across its TV scanning direction. The host computer generates
a sampling line on one of the pair and records its intensity profile digitized with the 6-bit A/D converter and
then on another alternatively. The number of sampling points along the spectrum is identical to that of the
TV scanning lines, i.e. the spectral resolution of AA=3.44 mA for 512 lines. The cycle time to get a set of
512 data points is 75 msec. The effective width of the sampling line defined by the horizontal TV resolution
of 10 mm/500 TVL corresponds to 0.13" of the sky blurred by the seeing.

For an axis angle of the quarter wave plate, 120-pair scan data are stored on the RAM successiveiy within
18 sec and then sent to the 5.25" floppy diskette. This data transfer requires about 42 sec and meantime the
wave plate is rotated to the next angle in sequence of 00, +45°, -450 and +22.50 in respect of the Wollaston
separation direction. One sequence of observation needs less than 3.5 min including fine adjustment and
then the "telescope position" is reversed by turning the azimuth axis with 1800; this procedure is useful to
make clear the azimuth- and elevation-dependences of the instrumental polarization because the orientation
changes of the two flat mirrors cause different instrumental effects relative to the fixed working focal plane.
To evaluate the instrumental polarization of the DST, the time-series observations of the solar disc center
were done assuming quiet and unpolarized through the above mentioned scheme on April, May and July
1990.

3. Calculation of the Instrumental Polarization

3.1. Conventions of Expressions

(1) Expression of a Vector Rotation
We consider righthanded coordinates as shown in Figure 3.1. The vector A and B are in the x-y plane. and
the vector A becomes the vector B when it is rotated by an angle a around the z-axis; such a relation is
symbolically described as

B = r(a)A (3.1.1)

(2) Vector Rotation at a Reflection
In Figure 3.2, the reference system of an incident ray to a plane mirror is (x, y, z) and that of the reflected
ray is (x', y', z'). The vector z and z' are set along the propagation direction of rays, and the vector x and
x1 are set in the reflection plane, or the plane which includes both the incident and the reflected rays, and
the vector x' is the reflected image of the vector x. Then we consider a vector x0 of which the relation with
x is given as

X = r(a)Xo (3.1.2)

The relation between the vector x' and the vector x0 ', which is the reflected image of the vector x 0 , is
expressed as

x' = r(-a)X' , (3.1.3)

or
x0 = r(a)x(3.1.4)

because the reference system is reversed after the reflection.

(3) Image Vector passing through the Pupil of an Optical System
An image is turned over after the pupil of an optical system as shown in Figure 3.3. Let a vector x0 given
as

x = r()X(3.1.5)

in the object image system (x, y, z), then the vector x0 ', which is the image of xo, is given as

X' = r(a)x0 , (3.1.6)
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Fig. 3.4. A polarization ellipse.

Fig. 3.2. Reflection of light by a mirror. The vec-
tcrs x3 and xo' are reflected images of the vectors x
and xo, respectively. The angle # is the reflection
angle.
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in the reference system of the passing light (x', y', z'). Therefore the rotation relation betwecn the vc-_tors

does not change by passing ar pupil.

(4) The Muller matrix for a reflection
Stokes parameters of a polarized light are defined as

2
QL - ,(3. 1 7)
U 2A cos(c, -, y

V \2ý.ry,•s, in+( c,,- c,),

where •z and ý, are amplitudes of electric oscillations along x- axis and y-axis respectively, and , and e
are phases; see Figure 3.4 in the case of a perfect polarized light. We take the vector x parallel to the --axis
as the reference vector for the Stokes parameters.

Then we consider the Stokes parameter change through a reflection. When the reflection angle is 0 as
in Figure 3.2, the Stokes vector I' referred to the vector x' is given as

I' = L(G)I , (3.1.8)

where L(G) is the Muller matrix for a reflection, which is described as

(X 2  t X 2 1 0 0
R2  X2 _-I X2 + 1 0 0
L(9) 2 0 0 2X cosr " 2X sinr (3.19)

0 0 -2Xsinr 2Xcosr

In these equations R_ and R. are the reflection coefficient of the electric vibration parallel to the x- and

y-axes, and X=RI/R,, and r is the phase difference (e, - e,) due to the reflection. The parameters X and
r are the function of 0 and described with refraction index n and absorption coefficient k of the material of
the mirror surface as follows:

2=f2 + g, 2f sin 0 tan # + sin 2 # tan2O (3.1.10)

12 +g2 + 2fsinOtan8 +sin2 0 tan2 0

2g sin 0 tan 9tautr (3..2

sin 6tan2 #-(f2+g2)

where

2= [n2 -nk 2 -sin 2 0+ 4 - k2V sin2)2)+4n2k2 , (3.1.12)

92 = [ 2 +k 2 +sin 2 8+ 4 2 - V - sin 2 0)2 +4n2k2 (3.1.13)

When the angle 9 is not so large, the phase difference r is somewhat smaller than r. We adopt the values n
= 1.13 and k = 6.39 for an aluminum mirror at the wavelength 6300 A(Schulz 1954, Schulz and Tangherlini
1954).

(5) The Muller matrix for a rotation of the reference coordinates
The reference vector of a Stokes vector can be taken in any direction. If the reference vector is rotated in
the x-y plane by an angle a (see Fig. 3.4), the Stokes vector referred to the vector x' is given as

I' = R(a)I , (3.1.14)

where R is the Muller matrix for a rotation described as

0 0 0
0 cos 2a sin 2a 0 (3115)R )= 0 - sin2o, cos 2a 031.5
(0 0 0 1
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(6) Stokes vector passing through the pupil
An image is rotated by T after the pupil. This rotat6on does not affect the Stokes vector by the equation
(3.1.15).

(7) Stokes vector at a reflection
Now we consider the change of the Stokes vector 10 referred to the vector xO in Figure 3.2 by a reflection.
At first the reference vector of the Stokes vector is changed to x, and from the equation (3.1.14) the new
Stokes vector is described as

I1 = R(cr)1o (3.l.16

Next, from the equation (3.1.8) the Stokes vector after the reflection is given as

I'L = L(8)11 (3. 1.17',

Finally, the Stokes vector referred to the vector xo', which is the reflected image of xo, is written as

Therefore, equations (3.1.16), (3.1.17) aad (3.1.18) give

I1 = R(ct)L(8)R(a)Io (3.1.19)

(8) Coordinates of the Sun
The necessary values for calculating instrumental polaxizations are the azimuth 10, the altitude ;a, and the
parallactic angle p of the Sun. These values are measured as Figure 3.5.

3.2. Muller matrices of the optical system of the DST
The optical path of the DST is shown in Figure 3.6 (also see Figure 2.1). This configuration is called the
west position, because the telescope tube is set westward to the rotation axis of the azimuth. We consider
through the optical path the change of the west direction vector W of the Sun's disk, and the modification
of the Stokes vectors by each optical element. The initial Stokes vector is referred to the vector W. which
is rotated by p - ,r/2 from the zenith direction vector Z.

At first the light passes through the entrance pupil Al, and the west direction vector is rotated by Tr
and corresponds to the vector x, in Figure 3.6, but the Stokes vector is not changed because of the equation
(3.1.15) with 9 = r. We ignore the effect of the entrance window.

Next, the light reflected by S, or the primary mirror; the reflection angle at the S1 is 0, therefore the
west direction vector is not changed through the reflection. Therefore, if we take the reference vector x, and
x' of the S, to be identical with the west direction vector, the Stokes parameters of the reflected light It',
which is also referred to the west direction, is written as

= L(0)Io (3.2.1)

from the equation (3.1.8).
Next, we consider the reflection by the Newtonian mirror S2. The vector xj of the reference system of

the incident light to the S2 is horizontal and perpendicular to the vector Z as shown in Figure 3.6. Therefore
this vector is expressed referred to the images of the west direction vector (or the vector x1 ) as

x2 = r(p)W . (3.2.2)

Therefore the vector x 2 ' of the reflected light, which points the Sun, is expressed as

X2 T-(-p)W (3.2.3)

The Stokes vector referred to x 2 is written a

12 R(p)I'j (3.2.4)
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Fig. 3.5. Coordinates of the Sun. The angle p is
a pallaractic angle, , is a usumuth, and * is an
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are the reference vectors of the incident snd reflected

Stokes parameters to the mirror S..
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The reflection angle on the S2 is always -r/4, then the Stokes vector referred to x2' is written as

I• = L(,T/4)I_ (3.2.5)

The reflection angle of the Gregory mirror 53 is 0. then we take the vector x3 and x3 ' to be identical
with x,,. Therefore the direction referred to the west direction after the reflection by the S is written as

x, = r(p)W (3.2.•6)

The Stokes parameters after the 53 is
I1 = L(0)I, . 3.2,7

The vector x4 or the reference vector of the incident light to the Coud4 mirror S4 points to the nadir.
Therefore x4 is expressed as

x,= r(-, - -r/2)x• , (3.2.s)

or
X4 = r(-(p + p - 712)W (3.2.9)

Therefore

xt = r(, - p + r/2)W (3.2.10)

The Stokes parameters referred to x3 ' is described as

14 = - /2)' 3 (3.2.11)

The reflection angle of the S4 is 7/4; then the Stokes parameters referred to X4' is

I, = L(-r/4)14  . (3.2.12)

Then the light passes the aperture A2 , which is the image of Al made by S, - 54. The reference vector
of the light is rotated by 7r through A2 . We take the new reference vector x4,' rotated by 2r from x4 ', Of
which the relation to the west direction is identical to that of x4', because the west direction is also rotated
by -,r after A,-. The Stokes parameters are not changed by .A,, namely,

4 = .I• (3.2.13)

We ignore the effect of the exit window between the mirror S4 and the spectrograph slit.
Finally the light reaches the slit of the spectrograph. From the equation (3.2.10) the direction of X 4,'

referred to the west direction is expressed as

x4. = r(p - p+ 7r/2)W (3.2.14)

When the spectrograph is rotated to cancel the rotation of the solar image on the spectrograph slit,
the Stokes parameters measured by the polarimeter on the spectrograph are the values referred to the west
direction. The Stokes vector expressed in equation (3.2,13) must be rotated by -( + p - 7r/2 by the equation
(3.2.14) and the observed Stokes vector is

L8b, = R(-•0 + p - ;r/2)I'4. (3.2.15)

or from the equations (3.2.1), (3.2.4), (3.2.5), (3.2.7), (3.2.11), (3.2.12) and (3.2.15),

1,,. = R(-s, + p - x/2)L(r/4)R(-V - 7r/2)L(0)L(r/4)R(p)L(0)Io . (3.2.16)

If the telescope is at east position or the telescope tube is set eastward to the rotation axis of the azimuth,
the observed Stokes vector is written as

1o6,= R(p + p + r/2)L(,/4)R(p + T/2)L(O)L(r/4)R(p)L(0)Io (3.2.17)
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When the spectrograph is fixed, the measured Stokes parameters are the values referred to the west
direction on the ground. In this case 1ob, for the west position is written as

Lb. R(-.)L(x/4)R(-p - T/2)L(O)L(;r/4)R(p)L(O)Io , (32.18)

and for the east position

Io6, = R(ib + x)L(7/4)R(p + lr/2)L(O)L(?/4)R(p)L(O)Lo , (3.2.t9

where ý. is the azimuth of the sun.
We calculate Ib, for 1o = (l.,0.,0.,0.) or unpolarized light and compare it with measured Stokes

parameters in the next section.

4. Analysis

The obtained intensities of the polarization spectra split by the Wollaston prism are given as

I{t =a(I + P)/2
I = b(I - P)/2 (4.)

where
I-, III : intensities of the light beams split by the Wollaston prism which have perpendicular and parallel

polarizations against the split plane (see Fig. 2.3).
1, P: incident total intensity and polarization component to the analyzing device.
a, 6: effective transmission factors of the spectrograph for the two split beams.

The analysis is made to determine the ratio m, which satisfy the following null condition,

( +P)-m-(I-P)=0 (4.2)
2 2

An example of this analysis is shown in figure 4.1. Upper two curves are intensity profiles of the spectra and
the bottom shows the residual of formula (4.2). Horizontal lines are separated by 25 digits.

The transmission factors, a and b, are obtained from the measurements made at the wave plate angles
of 450 and -45*. At these position angles the polarization component is V Stokes parameter. Let rm=m+
for 450 and mmre. for - 4 5 * , formula (4.2) becomes

bi •(I + v) - M+ i( - v) =

a(I- V) - m-6( + V) = 0
2 2

These formulae give

alb = VM-+ m (4.3)

Therefore the degree of polarization is calculated from formula (4.2) as

P =m - (ab) (4.4)

I m + (a/b)

The polarization component is the following for each position angles of the wave plate (ref. Makita et aL.
1985; Makita et al. 1986);

(Q at 00
±V at ± 45* (4.5)Q/2 + U12 + Vv/47 at 22.5"

With the use of formulae (4.3), (4.5) and (4.4), a set of the observations made at the position angles, 00,
450, -45V, and 22.50, give the degree of polarization as shown in Figure 4.2. Upper diagrams for July 21 are
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Fig. 4.2. Diurnal Variation of the Instrumental Polarization

(in Unit of per cant) on July 21, 1990.
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obtained with the rotating spectrograph to which the solar image is fixed relatively (ref. equations (3.2.16)
and (3.2.17)), and lower diagrams for July 24 are obtained with the fixed spectrograph to which the solhr
image rotates relatively (ref. equations (3.2.18) and (3.2.19)).

5. Result and Discussion

The time variation of the polarization components is compared with the calculation described in Section 3
(ref. Makita and Nishi 1970). The calculated values are showr, as the dashed curves in Figure 4.2. The
discrepancy from the observed values is remarkable, especially, for V Stokes parameter. This is probably
due to the coating of the mirrors which modifies the original optical constant of the aluminum mirrors. The
parameter in the Muller matrix (3.1.9) is revised from the original value, so as to give a bette fit to ýhe
observed V parameter, as

r =7- 12.20  - " -- 36.6.

Solid curves in Figure 4.2 show the better fit with the revised value in (5.1). Observations made at the west
position on April 25 and May 30 lead to the same result.

Still sometimes large deviations from the calculated values are seen in Figure 4.2. They might occur
due to some erroneous observing process, or due to the following facts;
(1) clouds which inequally changed the intensities of the pair spectra, because they are measured not simul-
taneously but with a time separation of a fraction of a second.
(2) a drift of the spectrum which is resulted from a relaxation of the distortion of tute spectrograph tank
caused at the change of the telescope position. The sample lines of the SIT camera move perpendicularly to
the spectrum dispersion and the spectrum intensity was not uniform. This effect is excluded in the case of
the fixed spectrograph.
(3) a thermal spatial shift of the SIT detector. This deteriorates the data by the same reason as in the case
(2).

The instrumental polarization of the DST, thus, can be interpreted, within an accuracy of I per cent,
as the two oblique mirror system, unnecessary to be taken into account the effect of the vacuum windows.
The windows seem to be well supported (see Figure 2.2) and to receive uniform stress and strain, which
lead to no modification of the incident polarization. The rather regular variation of the instrumental polar-
ization suggests a possibility to develop polarization compensators which will increase the accuracy of the
measurements. However higher accuracy measurements will be necessary in order to observe the magnetic
fields which in most cases produces the polarization of I per cent or less.

The authors express their thanks to young colleagues for stimulating discussions on the polarization mea,
surements.
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STOKES PROFILE ANALYSIS OF A SUNSPOT
USING THE MSFC MAGNETOGRAPH

K S. Balasubramaniam,* E. A, West, and M. J_ Hagyard
Space Science Laboratory, NASA/George C, Marshall Space Flight Center

Huntsville, Alabama 35812 USA

ABSTRACT

Stokes filtergrams of a sunspot (AR 4662: June 9, 1985) have been observed using the MSFC magneto-
graph. We present here the analysis of the resulting Stokes profiles to recover the vector magnetic field and
ot her physical parameters of the sunspot using the nonlinear least square inversion. An inter comparison of
the results with the MSFC vector magnetograms will be presented.

I. INTRODUCTION

Filter magnetographs, such as Marshall Space Flight Center (MSFC) vector magnetograph, have con-
ventionally used polarization measurements from the wings of the Zeeman broadened spectral lines to infer
the vector magnetic field configuration of active regions. In spite of the fact that the spectral bandpass
of the MSFC filter magnetograph is large ( 125 mA), its excellent spatial coverage offers the advantage of
observing the vector magnetic field configuration of an entire active region. However, the filter can also be
tuned to various portions of the spectral line, like a conventional spectrograph but with low resolution This
study aims to compare the results from a Stokes profile measurement of the entire line with that of the wing
measurement of the filter magnetogram. Presently the MSFC vector magnetograph records all four Stokes
polarization signals about the Fel 5250.2 A spectral line.

II. THE INSTRUMENT

The MSFC vector magnetograph consists of a 30 cm cassegrain telescope with a 6x6 arcminute field
of view (Hagyard, Cumings, and West 1085). The polarization optics consist of a wheel containing two
quarter-wave plates and a window, followed by a KD*P crystal (West 1985, 1989). The entrance window of
the Zeiss filter acts as the polarization analyzer. The Zeiss filter has a bandpasa of 125 mA which is tunable
to ±8 A about 5250.2 A, in steps of 10 mA. The detector is a CCD camera with 1.4 square arcsecond pixels.

The sequence of acquiring the filtergrams in all four Stokes polarization is as follows. At any given
filter position, the orthogonal circular polarization images (I + V and I - V) are acquired. Next, the linear
polarization I + Q and I - Q images are acquired. Here the +Q direction is defined as the direction along
the transmission axis of the Zeiss filter. The final set of linear polarization images are I + U and I - U, with
their polarization directions at + 45* to the ± Q directions.

III. OBSERVATIONS

The measurements reported here (Balasubramaniam and West 1990) were made on a simple sunspot,
(AR 4662) observed on June 9, 1985, shown in Figure 1. The sunspot was located in the south-eastern
hemisphere of the Sun, about 4 arcmin away from the disc center. The sunspot had a size of about 45 arcsec
in diameter, was circular in shape, and had a negative magnetic polarity.

* National Research Council Resident Research Associate
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Fig. I.- AR 4662 of June 9, 1985. The are& within the box surrounding the sunspot is about 42x42 square arcsec. In the
figure, Earth's north is toward the top and east is toward the left. This intensity picture has been acquired at the line center
of the Fel 5260.2 mA spectral line, with the Zeiss filter.

For purposes of clarity, the observations can be divided into two categories: Filter scan data and
monitoring data. The filter scan data were complete Stokes filtergrams obtained about the Fe 1 5250.2 A
spectral line extending from +170 mA in the red wing of the spectral line to - 170 mA in the blue wing of the
spectral line in steps of 10 mA. The monitoring data were taken in order to monitor the circular-to-linear
polarization cross-talk introducad by the polarimeter. The entire observations were performed between 1300
UT to 1800 UT on June 9, 1985.

IV. DATA REDUCTIONS

a) Monitoring Data

The monitoring data were Stokes filtergrams obtained at +60 mA and -60 mA of the spectral line center,
in succession (called a monitoring set). Six such data sets were observed, interlaced with the filter scan data,
to monitor the polarization croes-talk as a function of time.

The monitoring data have been corrected for image motion, in excess of that uncompensated for by the
limb tracker, using the intensity minimum in the sunspot. The monitoring data have also been corrected for
the linear polarization bias introduced by a tilted glass plate, which is used by the limb tracker to correct for
image motion. Following these corrections, the polarization cross-talk introduced by the polarization optics
was measured. The polarization cross-talk is a circular-to-linear cross-talk introduced by the KD*P crystals.
Scatter plots of the linear polarization signals (Q, U) versus the circular polarization signals (V) were used
to determine the relationship between the circular and the linear polarization signals and to estimate the
polarization cross-talk. The cross-talk is known to vary with time, and is due to a drift in the KD*P voltages
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and the temperature. Using the six data sets at ±60 mA, the change in circular-to- linear cross-talk has been
measured as a function of time.

After six data sets of the monitoring data were corrected for cross-talk, the resultant data were used to
derive the standard deviation (oq cpu . av) in Q, U and V as a function of Q, U and V respectively. This
was separately derived for the sunspot umbra, penumbra and photosphere.

(b) Filter Scan Data

The filter scan data extended from +170 mA in the red wing to - 170 mA in the blue wing of the Fel
5250.2 A absorption line, in steps of 19 mA. These data have also been corrected for image motion using th,
line center filtergram as the reference, for linear polarization bias introduced by the tilted glass plate of the
limb tracker, and for instrumental cross-talk derived from the monitoring data.

The reduced filtergrams were then used to extract the Stokes profiles. Sample Stokes profiles Q. (' and
V in the umbra of the sunspot are shown in Figure 2 (dashed lines). These Q, U' and t," spectra have been
normalised to the intensity spectrum. Also, the observed spectrum is convolved with the Zeiss filter spectral
transmission function.

V. DERIVATION OF THE MAGNETIC FIELD USING
NONLINEAR LEAST SQUARE INVERSION

In order to derive the vector magnetic field parameters (the magnetic field strength, its inclination and
azimuth) and other physical parameters from the observed Stokes Q, U and V polarized spectral line profiles.
such as the line-of-sight component of the velocity, the Doppler width, the damping constant, the ratio of line-
center to continuum opacity and slope of the source function, we need to compare the observed polarization
profiles with the analytical solutions of these profiles from the polarized radiative transfer equations. This
comparison can be achieved by the nonlinear least square inversion.

The nonlinear least square inversion technique was first developed by Auer, Heasley, and House (1977)
to compare the observed Stokes profiles with that of the theory of polarized radiative transfer. This technique
has been improved by Landolfi and Landi Degl'Innocenti (1982) to include magneto-optic effects. Further
modifications to include additional parameters to the fit (line-of-sight velocities, slope of the source function.
scattered light, etc.) have been made and applied to the study of sunspots (Skumanich. Rees. and Lites
1984; Skumanich and Lites 1987; Balasubramaniam 1989: Lites and Skumanich 1990). Theoretical analysis
of the inversion technique using low spectral resolution Stokes profiles has been performed by Lites and
Skumanich (1984). This study is an extension of an earlier work (Balasubramaniam and West 1990) using
Stokes profiles observed with the MSFC magnetograph.

Since the observed profiles are convolved with the Zeiss filter transmission function, we must take the
convolution into account while comparing the analytical profiles with the observed profiles. Convolution of
the analytical profiles was chosen over the deconvolution of the instrument profile from the observed profile,
because the Fourier deconvolution process would introduce additional frequencies. Moreover the observed
standard deviations, which are to be used in the fitting process, are in the "convolved" domain. Hence we
compare the profiles in the "convolved" domain. We also do not consider the observed intensity profile as it is
contaminated by both scattered light as well as light from non-magnetic component of the observing element
(Skumanich and Lites 1987; Balasubramaniam 1989; Arena, Landi Degl'Innocenti, and Nochi 1990) Since
the standard deviations (inverse of signal-to-noise, S/N) for each of the Q,U,V profiles have been separately
derived for the umbra, penumbra, and photosphere, we would have effectively taken into account the scatter
on Q, U, and V, separately, for the umbra, penumbra, and photosphere. It is worthwhile to note that the
gradient of the S/N in Q vs. Q, S/N in U vs. U, S/N in V vs. V functions become steeper as we move from
the photosphere, through the penumbra to the umbra, in accordance with the known fall-off in scattered
light as we move from the photosphere to the umbra.

The transfer of polarized radiation has been well studied, and an analytical solution of the transfer
in terms of the Stokes profiles has been derived (Landolfi and Landi Degl'lnnocenti 1982). The analytical



216 K, S. Balsvubrarnaniam:

Stokes profiles are derived under the assumption of a plane-parallel Milne-Eddington model atmosphere,
where all quantities entering the spectral line-forming process are assumed to be constant within the depth
of formation of the spectral line. A local thermodynamic equilibrium is assumed in the spectral line-f--ming
region and the source function B(r) = 8 o + BI(r) is assumed to vary linearly with optical depth. The
analytical solutions (using the notations of Land DeglInnocenti 1976) are

t~ = o+•- [(I + 71)((l + 17r)l + P2 + p2. + P2, )

Q = [(1 + )'l)2 9q + (1+ +T7)(Y7vpu - quLpv ) + pQR]

U-' ((I +(1 +7i) 2- u + (1 + nr)(nQpv - r7vpQ) + pur
A

V= -AB--[(1 + ?7t)2 't' + pv R].

where
A = (1 + 171) 2 [(1 + 7,)2 - - -_ q_ + P• + P2 + P?] - R2

and
R = r7qpq + q/upu + 'l;'pv.

Here j = cos 0 where 0 is the angle between the line of sight and the normal to solar surface. The quantities
?iq,Q,u,v and pQ,u,v are given by:

ir -- O.5[psin 2,0 + 0.5(r7b + 7r,)(1 + cos 2?1)]

/Q= 0.5[ri/ - 0.5 (?•b + 7,.)]sin 2 Pcos(2U)

r= 0.5[,7p - 0. 5 (%lb + ?,.)]sin 2 V'sin(20)

nWv 0.5((7, - rtb)cOStk

and

pq = 0. 5 [pp - 0.5(pb + pr)]sin2wcos(20)

PU = 0.5j[p, - 0.5(pb + pr)]sin 2•wsin(26)

pv = 0. 5 (p, - pb)cosO.

where V) is the inclination and 0 is the azimuth of the magnetic field vector. For a normal Zeeman triplet
(e.g., Fel 5250.2A line), the absorption profiles (7?'s) and the anomalous dispersion profiles (p's) are

v7p = iooH(a, v) Pp = 2qoF(a, v)

17b.,r = ioH(a, v ± vH) p., = 217oF(a, vt ± tH).

Here a is the damping parameter of the spectral line, i70 is the ratio of the line center to the continuum
opacity, and A - A0

AAD

is the wavelength separation of any point on the spectral line at wavelength A. from the line-center wavelength
A0 , in units of the Doppler width AAD. The Zeeman splitting vtH, resulting from a magnetic field of intensity
H, is in units of the Doppler width

(4.67-• A2 gj H)t = ,-AD
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where gj is the Lande' factor.
The Faraday and Faraday-Voigt functions are explicitly given by

H(a, v) += 0 e-y2 dy
0-o (V - y) 2 + a2

1 v+` (v -y)e-y
F(a. 2) = ". (v - y) 2 + a2 dy.

A detailed explanation of these quantities is given by Landi Degl'Innocenti (1976).

The nonlinear least square optimization uses the simultaneous minimization of the residuals. namely
the sum of the squares of the differences between the observed and the fitted profiles (the chi-squared fit)
(Bevington 1967; Fletcher 1971). There are several parameters to the fit that are constantly upgraded at
every iteration until a reasonably good fit is achieved (the residuals are minimized). These parameters are
the magnetic field strength, its inclination and azimuth, and the thermodynamic parameters of the spectral
line forming region such as the line center wavelength, the Doppler width, the ratio of the line-center to
continuum opacity, the slope of the source function and the damping constant of the spectral line. The
idea is to look for gradients in chi-squared with respect to each one these parameters, at every step of the
iteration, and proceed in a direction until chi-squared reaches a global minimum. For our purposes, the
chi-square is defined as

X' 2 . 2 Q (U(obs) - Q,(aj(; fit)

+ o-Li~v- (obs) - Vj(aj ;fit)).

The summation over all the wavelength points is taken care of by the i index. The a, refers to all the
parameters that enter the Stokes Q, U, and V profiles. The a's refer to the standard deviation (see Section
IV) of each one of the Stokes parameters. In our fitting process we use only the Stokes Q. U and t' profiles.
We do not include the Stokes I profile in the fitting process.

We have derived all the eight parameters mentioned above for the whole sunspot. A typical example
of the simultaneous fitting of the Stokes Q,U and V profiles is also shown in Figure 2. The dotted lines
represent the best fit derived from the analytical solutions convolved with the Zeiss filter profile and the
dashed lines represent the observed curves for a point in the sunspot umbra.

The magnetic field strength, its inclination and azimuth derived for the sunspot, using the nonlinear least
square fitting process, have been converted to the longitudinal and transverse magnetic field components.
respectively, to the line-of-sight. They are shown for the sunspot (inside boxed area of Figure 1) in Figures 3a
and 3b respectively. We now wish to compare these results with those derived from the wing measurements
alone.

VI. DERIVATION OF THE MAGNETIC FIELD USING WING MEASUREMENTS

The MSFC vector magnetograns are calculated from the observed polarization in the wings of the
Fe I 5250.2 A spectral line using calibration curves of the circular polarization versus the longitudinal field
strength (BL) and the linear polarization versus the transverse field strength(BT) ( for a detailed explanation
see iRagyard, Gary, and WVest 1988). These calibration curves are constructed based on the Kjeldseth Moe
(1968) solutions to the radiative transfer equation neglecting magnetooptical effects, for a penumbral model
atmosphere. The convolution of the Zeiss filter transmission profile is taken into account in the calculations,
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since the observed profile is the integral of the spectral line polarization across the passband of the Zeiss
filter.

If PQ and Pu are the fractional linear polarization and, Pv the fractional circular polarization, measured
at any given location on the spectral line wing (say, 90 mA in the blue wing of the spectral line), then the
field strengths are calculated by the following relations.

BL 1 (Gk Pv)

BT 42 (Gk PL)' 1 2

where the functions f[ and f2 represent polynomial fits to the calibration curve and depend on spectral line
profile parameters (atmospheric model, damping, Dopplet width), the Zeiss filter transmission profile. and the
position of the filter, v, at the wing of the spectral line relative to the line center. Here PL Q(P +
and Gk is a gain constant to compensate for partial loss of contrast dite to !;cattered light -fforts The
inclination and azimuth angles are, respectively, given by

10 =arctan(BTI/BL)

20 =arctan(Pu/Pq)

The vector magnetic field contour maps of the sunspot for the Zeiss filter tuned at 90 mA in the blue wing
of the spectral line are shown (boxed area of Figure 1) in Figures 4a and 4b.

VII. COMPARISON

Figures 3 and 4 show the comparison of the vector magnetic field parameters derived by two separate
methods. The longitudinal magnetic field strengths derived using the two methods are represented in Figures
3a and 4a. We notice that each of the fitted contour levels in Figure 3a have a smaller area compared to the
contour levels of the wing measurements in Figure 4a. Also, at about the geometric centre of the sunspot.
the contour level L (-1600 G), in Figure 4a (wing measurement), skirt about center. The wing measurements
used observations at 90 mA; the calibration curve (BL vs. Pv) for this spectral location "saturates" at
about -2300 G. (The "saturation" field strengths would have been stronger had the wing measurements been
farther out in the wing). Thus for the wing measurements, we would expect some effects of saturation.
However, these should occur at the location at the location of the maximum field strength lying north of the
geometric center.

The maximum longitudinal field strength in Figure 3a is about -2300 G, whereas, from the wing analysis
the maximum longitudinal magnetic field strength is about -2500 G. In both cases, the maximum lies north
of the geometric center. About the periphery of the sunspot, in Figure 3a, the lower longitudinal contours
of the fitted field may deviate from the actual field due to a limitation of the fitting process (that uses the

simultaneous minimization of all the three Stokes profiles Q, U, and V), in the presence of low S/N.

A comparison of the transverse magnetic field strengths is shown in Figure 3b and 4b, The azimuths are
represented by ticked lines and the transverse field strengths by continuous contours. The azimuth values

agree very well with each other. The good agreement in azimuths is additional proof that azimuths derived
from the measurements in the far wings of the spectral line can neglect magneto-optical effects (West and
Hagyard 1982). The overall structure of the transverse field contours appear qualitatively similar with the
two methods as seen in Figures 3b and 4b. However, differences in the contour levels exist, for example,
the maximum of the fitted contour level is 1200 G (Figure 3b), and the maximum contour level from the

wing measurements is 1400 G (Figure 4b). The calibration curve for transverse field based on the wing

measurement (BT vs. PL) is good for up to 1800 G. Since the value of the maximum transverse field is
about 1400 G, no saturation effects should appear. Also, the maximum contour level of Figure 3b (fitted

method) lies within the umbra, whereas the maximum for the wing measurement (Figure 4b) lies in the

penumbra.
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Fig. 3.- Vector mapnefic fiSd maps derived using nonlinear IeAst square inversion of the full line Stokes profiles.
Fig. 3a.- The derived longitudinal magnetic field strength contours superimposed on the intensity are shown in frame on the
left. Note that contours change contrast with the changing background. Contour levels for the longitudinal magnetic field
strength, in Gauss, are H = --100, 1 = -400, J = -800, K = -1200, L = - 1600, M = -2000, N = -2400.
Fig. 3b.- The derived transverse magnetic field strength is shown on the right. Continous contours represented by the transverse
field strengths, in Gauss, are A = 200, B = 400, C -600, D = 800, E -1000, F 1 ,200, G 1 1400. Tick marks are
the azimuths (with the 1800 ambiguity).

Fig. 4.- Maps of the vector magnetic field using the 90 mA blue wing polarization measurements.
Fig. 4a.- The longitudinal field maps are shown on the left. Contour levels are same as that 6f Figure 3a.
Fig. 4b.- The transverse magnetic field contours are shown on the right. Contour levels are same as those in Figure .3b. Tick

marks are the azimuth.
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We now comment on one other parameter derived from the nonlinear least square fitting process, namely
the line center wavelength. The velocities for each spatial position (Figure 5) have been derived from the
fitted wavelengths to the line center with reference to the fitted wavelength obtained at the center of the
umbra (5250.209 A) and are defined by

AA

where AA is the difference between the fitted wavelength at any position and the fitted wavelength A at
the center of the umbra, and c is the velocity of light. We have noticed that the velocities derived in this
manner largely coincide with the velocities derived from the zero-crossing of the Stokes V profile implying
that, in a fitting process that involves the 1- 2iarization profiles Q, U, and V only. the line center wavelength
determination is largely weighted by the Stokes V profile. From these observations we have found that, apart
from the radial outward motion of material in the sunspot penumbra (up to a maximum of about 1.6 km
s-1), there are also material motions inside the umbra (inflows).

Although we are still studying the accuracy and significance of the thermodynamic parameters derived
from the nonlinear least square inversion process, the changes in temperature and pressure would signifi-
cantly affect the line formation of the Fel 5250.2 A line in the presence of umbral fields. In general, the
thermodynamic parameters are less accurately determined in the inversion process than the vector magnetic
field parameters ( Lites and Skumanich 1984; Skumanich and Lites 1987; Balasubramaniam 1989; Lites and
Skumanich 1990). There is some amount of non-uniqueness in the thermodynamic parameters. For example,
physically the opacity ratio is proportional to the number density of atoms and inversely proportional to the
Doppler widths. Similarly, the damping constant is inversely proportional to the Doppler width. However,
in the inversion process, these parameters are treated separately and their inter-relationship has not been
considered. Hence, we are still studying the variation of the thermodynamic parameters across the active
region, and their influence on the magnetic field parameters.

Fig. S.- Line-of-sight component of the velocity contours . computed from the fitted line center wavelengths, using the

sunspot center as the zero reference velocity. The background grey is the intensity picture. White contour levels are positive

velocities and dark contour levels are negative velocities. White contour levels, in m/s, are A = 100, B = 350. C -
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600, D = 850, E = 1100, F = 1350, G = 1600, and dark contour levels are H = -100. I = -350, J = -600, K =
-850, L = -1100, M = -1600.

VIII. CONCLUSIONS

We have shown comparisons that vector magnetic field parameters of a sunspot from the MSFC instru-
ment. derived using complete line profile analysis and from the wing measurements alone. The azimuth of the
transverse magnetic field agree well. The longitudinal and magnetic field does not agree well in the umbra.
This may be due to scattered light at the source, scattered light in the instrument, weakening of the line due
to changes in the thermodynamic conditions or projection effects. Some of the thermodynamic parameters
could possibly provide clues to these departures. This study establishes that filter magnetographs can also
be used for low spectral resolution studies with an added advantage of a good spatial coverage. Some further
studies using the full line profile analysis could include anomalies in the structure of sunspots as sugg-sted
by the interpretation of vector magnetograph observations (West and Hagyard 1982), inclusion of the Stokes
I profile to derive filling factors, development of sunspot model, and multi-spectral line analysis etc.
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Discussion

H. Wang: Your bandpass is 125 mA and scan step is 10 mA. That means a very smoothed profile. How

does that affect your results?

K.S. Balasubramaniam: We take the analytical profiles at every step of the iteration, convolve the

analytical profiles with the Zeiss filter transmission function, and then compare it with the observed profiles.

So in principle we would have taken the convolution into account by oversampling within the instrumental

resolution width. From the RMS errors in the values of the vector magnetic field parameters calculated by

Lites and Skumanich (1986) we will be well within the 5% errors.

J. Stenflo: Because of the spectral smoothing with your filter I think your inversion system is ill conditioned.

For instance, the magnetic field effects distinguished themselves from the magnetic flux effects through a

subtle deformation of the shape of the Stokes profiles. As this effect is smoothed out, your inversion will tend

to zoom in on a solution corresponding to a filling factor of unity, which results in serious underestimatesý of

the field strengths and overestimates of the inclination angles.

J. Harvey: Since the subject of blends has come up, in the umbra of sunspots the 52.50.2A line is blended

with a TiO line. This distorts V, Q and U measurements. Do you correct for this in your analysis"

K.S. Balasubramaniam: We have not taken blends into account. Since the spectral width of the Zeiss

filter is large, the blends may be "absorbed" by the smearing process. We have not quantitatively estimated

the influence of blends.

S. Koutchmy: Did you try to integrate the V Stokes profiles over the whole region to look at the net

circular polarization?

K.S. Balasubramaniam: No.

S. Koutchmy: On the interpretation of your data: do you have any idea what parts of the core of the spot

(bright umbral dots or the dark parts) is contributing to the radiation you analyzed? The line you use is

temperature sensitive.

K.S. Balasubramaniam: We are not able to spatially resolve the umbral dots as our seeing was about 2-3

arcseconds or sometimes even greater.

B. Lites: The problem mentioned regarding the two-dimensional spatial continuity of spectral observations

(versus filter observations) may be largely alleviated through the use of good-quality slit-jaw images. Such

images may be "destretched", as is done with filter images, in order to place the spectral information into its

precise two-dimensional context. Such a procedure, now being used on high-resolution spectral scans from

La Palma, reduce considerably this drawback of spectral verses filter observations.
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Abstract

A circular analyzer has been used at the focal plane of a telescope in days of absence of
instrumental polarization to simultaneously record 1 . V spectrograms at two different wave-
length ranges: - 6300 A and - 3930 - 3970 A. The observations have been analyzed within
two, also different, frames: on the one hand, an empirical relationship between brightness tem-
perature and the magnetic field strength has been found for sunspot umbrae, which allows a
determination of the Wilson depression; on the other, estimates of the chromospheric longitu-
dinal component of the magnetic field (magnetic flux if the filling factor is not unity) in two
umbrae, in a penumbra, and in a plage have been found by using profiles of the resonance lines
H and K of Call. A ratio of order 2-3 between the longitudinal components of the field at the
chromospheric height of formation of the Ca lI lines and the photospheric height of formation of
the 6302.5 A Fe line is also found in umbrae.

1 Introduction: Common features of the observations

Several active regions have recently (September 1989) been observed by our group, and some
preliminary results are presented in this communication. Despite the fact that two distinct scientific
objectives are intended, an observational link is present between them: circular analysis has been
performed before the light is dispersed by the spectrograph.

The polarimeter we employed is a circular one and was designed by M. Semel. who kindly lent
it to us in 1985. Since this year, it has become property of the I.A.C. The optical design and
main characteristics were already published by Semel (1980). Technical details and laboratory
calibration of the instrument may be found in these proceedings in a poster communication by
Sinchez Almeida and Martinez Pillet. Here, we will concentrate on the most important property
of the analyzer: it provides strictly simultaneous I ± V imaging of a given zone of the Sun; thus.
when placed immediately behind the spectrograph slit, simultaneous I ± V spectrograms can be
recorded at the focal plane.

t Based on observations made with the Grigory-coudi Teleskop (G.C.T.) operated on the island of Tenerife

by the Uaiversitits- Sternwarte (G6tingen) in the Spanish Observatorio del Teide of the Instituto de Astrofsica de
Canarias
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Instrumental polarization is as important as the optical quality of the polarimeter itself, as far
as the accuracy of the analysis is concerned. Fortunately, the observations were carried out at the
German Gr6gory-couA6 telescope which allows two periods a year (around the equinoxes) with zero
instrumental polarization (see Wiehr. 1971 and Sinchez Almeida. 19S8). The spectrograph itself
does not introduce a: )olarizing effect because the analysis is performed before the light pnters
it. Only small residual effects appear in the spectrograms which can easily be removed during
the data reduction. The circular analysis is especially good in two spectral regions (see Srnchez
Almeida and Martinez Pillet, these proceedings): one around 6100 _k and another around 4000 A.
It is in these two wavelength ranges where the observations we are dealing with have been carried
out. In particular, we have analyzed the Fe1 6302.5 A lin, in the first range and the CalI H and K
resonance Lines in the second range. Photographic Kodak 2415 film was used as detector.

2 On the search for magnetohydrostatic signatures in sunspots

2.1 The temperature-magnetic field strength relationship

Sunspots are in magnetostatic equilibrium as long as the Alfv~n travel time is much shorter than
their lifetime (Meyer et al. 1974). Hence gravity, pressure and magnetic forces have to balance
each other. In other words, thermodynamics and magnetic field are coupled.

After analyzing the horizontal component of the magnetostatic equation, Martinez Pillet and
V~izquez (1990) found the following equation, which relates the inner temperature, T. and the
magnetic field, B, of the spot:

T(r. zWD)= m(r,zwD)To(ZwD) Po(ZWD) r 1+ fT r D
1 - B2 (r. zWD)

T0 (0) mo(0) To(0) p(r, ZwD) I 2pPo(ZWD)

Equation (1) holds for each point in the umbra at any given depth. In this case. ZWyD stands
for the Wilson depression depth in a scale in which 0 corresponds to r5ooo = 1 in the external
atmosphere; r is the radial distance of the point from the axis of the tube which constitutes the spot:
index 0 indicates that the corresponding parameter is measured in the external atmosphere: m's
are mean molecular weights, p's are densities, u is the magnetic permeability, and P is the pressure.

fT is a parameter which includes all the magnetic tension terms and whose value can be calculated
depending on the assumed configuration for the spot. For example, in a Schhliter & Temesviry's
(1958) spot, fT = 0.5; if there is no magnetic cension, fT = 0. In general we can stay that IT < 1
because higher values would imply too strong magnetic tensions.

Equation (1) can be seen as a linear relationship between the internal temperatu.re and square
of the magnetic field strength for different points in the umbra. Despite the fact that emperatures
are not directly observable, Eq. (1) should have an empirical translation: continuum ;ntensities
are straightforwardly related with brightness temperatures. If this linear relationship is achieved
with observational data, one can easily deduce a value for Po(zwvD)/(1+ fT) from the ratio of the
coefficients of a least squares fit. Note that no previous knowledge is needed of the factors outside
the brackets in the right hand term of the equation. Once this ratio is known and assuming values
for the magnetic tension parameter, fT, the external pressnre at the Wilson lepression depth,
"Po(ZWD), is obtained. ZWD can be inferred from this and using, for instance, the convection zone
model by Spruit (1977).
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2.2 The observed - 6302 A spectrograms

The first spectral zone mentioned in §1 has been. for many reasons. one of the most used for
magnetic field studies. In our case, and apart from the already mentioned special characteristics
of our polarimeter. it is important to use a line with a high effective Land6 factor like Fe i 6302.5
A (g~ff = 2.5). This is so because we need, in fact, magnetic field strengths in order to look for
the Linear relationship predicted in Eq. (1). This will only be possible if the ar-components are near
complete separation when only circular analysis of the light has been carried out. The distance
between the V-peaks yields a good measurement of B provided this strength :i higher than -, 1400G
(Lites& Skumanich 1990). To be conservative we shall only take into account measurements of B
higher than 2000 G. In doing so we also axoid problems which could appear in the outer umbral
parts, i.e., in the umbra-penumbra boundary. The observations are illustrated in Fig. I. I- and

15 L I ' I ' ' I I I I I

S-A

X.=6302.499 A UMBRA 9=2570*40 gauss
1."4x0,"4 (S/N),= 100.

(S/N)v=20.

.05

-6 -4 -2 0 2 4ax(A)

Fig. 1: Example of I- and V-profiles observed in an umbra. Raw data

V-profiles observed in an umbral core are shown. The maximum field strength found in this umbra
was 3100 G: these profiles correspond to a point with 2870 G. Moreover, we have estimated the
inclination of the field with respect to the solar surface normal (7 _- 200) by using the relative

intensities of the 7r- and o-components (the heliocentric angle of the spot was 9 = 350).

In the V-s)ectrum. a conspicuous signature of magnetooptical effects is seen in the A6302.5
line. The sigiial to noise ratios are labelled in the figure; they seem fairly high if the photographic

detector used is taken into account. Low levels of stray-light are found in the spectrograms as is
appaTent in the I-spectrum. The intensity scale is in units of the quiet continuum intensity- one can

clearly appreciate how the umbral continuum intensity of these raw data is near that obtained by

other authors after correcting for stray-light effects (see, e.g., Maltby et al. 1986). Moreover. we are

sure that the 7r-component of the A6302.5 line is mainly due to inclination with respect to the line of
sight and not to stray-light. In fact, the Feli 6149 A line was also recorded during the observations.
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Due to its temperature sensitivity, this line can only be seen in the outer parts of umbrae and in
penumbrae, but it is in these zones where the stray-light effects could be more important. Rather.
no central "'-component" is discerned from the noise as corresponds to its Zeeman pattern. After
these arguments we can conclude that stray-light effects are small and easily removable during the
data reduction.

2.3 Wilson depression determination

In ý2.1 we drew a scheme for semiempirical evaluation of the Wilson depression depth. It basically
consists in looking for a linear relationship between brightness temperatures and squares of the
magnetic field strength. First of all, we show in Fig.2 what the continuum intensity-magnetic
field strength diagram looks like. Data from two different roundish and stable spots are shown.

Open points Umbra I

2W Solid points Umbra 2

*0 . 5

different~ sli poiin ln h pt

26400 0

0 0•

y .measuring the ds 4 \ 5

diagra is trnltdtMhtbtensurso h agnetic field strength, Bs. vetnu nest.Cice qae o rsuspn brigtnes

temperatures, Tt, a relationship much closer to linearity appears (see Fig. 3).

Following the procedure described in § 2.1 and for different values of the magnetic tension
parameter, fT, we have determined values between 380 and 630 km for the Wilson depression
depth. These values are in agreement with those obtained by other authors (see for instance,
Gokhale & Zwaan 1972) on actually different bases. A statistical study analyzing data from several
spots at different stages of evolution should be pursued and this is our aim for the near future. This
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Fig. 3: Square of the magnetic field strength vs. brightness temperature. Symbols are the same as

in Fig. 2

kind of study can provide important clues about the evolution of sunspot stability and structure,

3 Chromospheric magnetic field

3.1 The observed Ca u H and K Stokes-profiles

Among the lines of the solar visible spectrum, the resonance H and K lines of ionized calcium
have been one the most important sources of information, over the last two decades, about the
state of the chromosphere (Linsky 1970). In particular, their emission cores are actually indirect
indicators of magnetic activity in the Sun and in stars (Skumanich, Smythe, and Frazier 1975;
Schrijver et al. 1989). Can filtergrams of the solar surface show a zoo of brightness structures
which are mostly thought to be related with magnetic photospheric structures. In spite of this,
the considerably well-known distribution and hierarchy of magnetic fields in the photosphere is
still lacking at higher layers where the H and K lines are formed. From an observational point of
view, the chromospheric counterparts of the photospheric network and active regions are virtually
unexplored as far as their magnetic properties are concerned.

Several problems of the chromosphere like its own thermodynamic stratification (Ayres 1981) or
the merging height of magnetic flux tubes (Solanki and Steiner 1990) will remain unsolved without
looking at the polarization state of lines like Cai H and K. NLTE transfer of polarized radiation is
hard to understand, but there are simple effects like the reversals in the V-profiles which are just
a consequence of the non-monotonic dependence of the source function on optical depth as the H2,
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I'K2, H3 , and K3 peaks are. These reversals were predicted by Auer, Heasley, and House (1077) and
by Rees, Murphy, and Durrant (1989), but they have not been observed until recently by our group
(Martinez Pillet et al. 1990).

As commented in § 1, only circular analysis was performed. Moreover, our observations have
a rather modest spatial resolution mainly due to the long exposure times i-,- 70sl imposed b-,
both the photographic detector and the low transmission of the prefilter used. With such exposure
times, three minute oscillations may havp left their fingermarks in *he spectra and they nave not
been taken into account. Nevertheless, with the state of the art as depicted in the preceeding
paragraphs it is not difficult to conceive that even non-ideal observations as ours mail provide
important information. In fact, many interesting features have been observed in the V-profiles:
among them are worth mentioning the strong asymmetries -in area and in peaks- apparent in
practically all the profiles.

4

0-

-to
3064 391 318 3970 3972

VOT'wength (A)~

Fig. 4: Ca II H I- and V-profiles observed in an umbra

Fig. 4 shows I- and V-profiles of the Ca ii H line observed in an umbra. The reader can appreciate
the asymmetric emission core with no H3 reversal. V shows clear asymmetries in peaks and areas
and a reversal in the middle of the core-profile is apparent: the change of sign on this core-profile
with respect to that of the photospheric lines corresponds to the fact that this core is in emission.
These profiles look much more complicated when observed in a plage as is seen in Fig. 5. The
noisier V-signal can be attributed both to the higher optical densities in the photographic film and
to the lower magnetic flux present in the plage.
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Fig. 5" Ca ii H I- and V-profiles observed in a plage

3.2 Magnetic field estimates: the weak field approximation

As far as the magnetic field is concerned, we can only refer to longitudinal components, B11, due
to the circular analysis of the radiation made. This is not exactly true if the filling factor is not
unity; in this case we can only determine magnetic fluxes. However, it is fairly unlikely that this
case will arise, even in plages, when analyzing lines like the Ca!it H- and K-cores which are formed
so high in the atmosphere. In what follows no distinction between strengths or fluxes will be made,
but that remark should be borne in mind.

Before applying any sophisticated method of spectral synthesis or inversion using NLTE ra-
diative transfer codes like the one proposed by Rees, Murphy, and Durrant (1989), we believe it
is interesting to estimate a single value directly from the profiles. Such measurement does not
provide information about the stratification of magnetic fields along the atmosphere. Variations
axe indeed expected both from the theoretical and the observational (asymmetries) points of view.
Single measurements, however, are easier to achieve and provide preliminary ideas about what is
happening.

The weak field approzimation (studied in depth in these proceedings by Jefferies and Mickey)
is perhaps the most adequate to apply to the Cail H and K lines because:

. They are at blue wavelengths (3933, 3969 A),
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"* Their effective Land6 factors are small (1.333, 1.167 in LS coupling)

"* They are very broad, and

"* They are formed in high levels of the atmosphere where B should be below photospheric
values.

As already known, the weak field approximation establishes a linear relationship between the
V-profile and the derivative of I with respect to A. We are mainly interested in the cores of the
lines which are formed above the temperature minimum, i.e. in the Llhromosphere. Let us. however.
remark that this proportionality between V and dI/dA does indeed avoid any observation of non-
zero V-signal in the photospheric wings of the lines within our error limits (S/N is not higher than
100 in I). For comparison, a rough estimate of the ratio between the expected signals in the wings
of Mg.I b line at 5172 A and CanI H is of the order 14 for the same B.

If V and dl/dA have to be proportional, a superposition of the two functions of A should
illustrate the physics. Left pannels of Figs. 6, 7, and 8 show that superposition for penumbral (6),
umbral (7), and plage (8) observations. A complementary illustration is in the right pannels of
these figures, where point-to-point V vs. -d./dA diagrams are shown. In the left pannels, -dI/dA

Ca 11 K :•

Penumbra Ca 11 K

Penumbra ,

-2 -- 2 )1d/d -
-4 -4 L

-6
3933.2 3933.4 3933.6 3933.8 3934 -6 -4 -2 0 2 4 6Wavelength (A) -d[/dA

Fig. 6: K line core observed in a penumbra. V and -dI/dA superposed (left pannel); point-to-point
comparison between both fuctions of A (right pannel)

is scaled so as to correspond to B11 = 1000 G. In Fig. 6 a fairly well-established proportionality
is seen, the slope of a linear fit to the points in the right-hand side diagram corresponding to
B11 = 800 ± 20 G. This is not the case in Fig. 7, nor in Fig. 8, where even when a proportionality is
seen in one of the V-lobes it is not seen in the other. Note that the ellipse-like diagram of Fig. 7
does not seem to be an scatter effect; in fact, it is seen in the two umbrae observed.

In view that the only symmetric profile observed behaves as expected, we asked ourselves
whether the asymmetries are the reason for the break-down of the weak field approximation re-
lationship. In fact, magnetic field gradients are implicitly avoided in the weak field approxima-
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Fig. 8: H line core observed in a plage. V and -dI/dA superposed (left pannei); point-to-point
comparison between both fuctions of A (right pannel)
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tion scheme. This approximation has to hold between symmetric I-profiles and antisymmetric
V-profiles.

Provided an origin of wavelengths and that they are real functions. each I and V can be
considered as a sum of two functions of A: one even and another odd, which will be referred to. in
what follows, as their symmetric and antisymmetric parts. respectively. In order to calculate them
we have used the parity properties of the Fourier transform after choicing as A-origin the center of
gravity of the I-profile. The derivatives of the symmetric part of I have also been calculated using
Fourier transform properties. Fig.9 shows the same point to point diagrams of Figs. 7 and S. but
between the antisymmetric part of V and the derivative of the symmetric part of I. The dearly

Ca 11 H 4 Ca 11 -

4 Umbra Plage

•2

> see > so^s*
0 0

So 0

sm. ,.

-4 so-

--6 1 1 r, , I , ý I ý , i .. I ... J .. 1 , , • , I '4:

-6 -4 -2 0 2 4 6-10 -5 0 5 to
-di/dA -dl/dX

Fig. 9: Antisymmetric part of V vs. derivative of symmetric part of 1. Same observartions than in

Figs. 7 and 8

better agreement with proportionality between both functions allows us to evaluate the longitudinal
component of the magnetic field (the magnetic flux if the filling factor is not unity). For the umbral
observation, B11 = 1100 G; for the plage observation, B11 = 260 G. Another possibility of obtaining
estimates of B11 is to use the center of gravity method (Semel 1967; Rees &: Semel 1979) just on the
original profiles. Table 1 shows a comparison between both "kind of measurements. A fairly good
agreement is found.

4 Concluding remarks

The good accuracy of the I.A.C. polarimeter as a circular anualyzer at two wavelength regions
(around 6100 A• and 4000 A) have been used to study two different problems. Namely, the at-
tainment of magnetostatic signatures in sunspots, deriving values for the Wilson depression depth.
and preliminary estimates of the chromospheric magnetic field as measured in the Ca i H and K
resonance lines via. the weak field approximation in several active regions.

A linear relationship has been found between brightness temperatures and magnetic field
strengths in the core of two umbrae. This relationship allows us to determine the Wilson de-
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Table 1: Magnetic field measurements

BI l B11
Zone Weak field appr. Center of gravity I

(G) (G)

Umbra 1117 ± 12 1109 ± 6
Umbra 1520 ± 20 1050 ± 40

Penumbra (K) 800 ± 20 600 ± 20
Plage 260 ± 100 350 - 90

pression depth depending on the assumed configuration for the spot. Values of this parameter.
ranging from 400 to 600 kin, have been found and are comparable with those obtained by other
authors on strictly different bases. A further implicit hypothesis underlying this analysis is the
fact that both continuum intensities and magnetic field strengths are assumed to be measured at
a narrow vertical region around r = I in the umbra, i.e. at the Wilson depression. This does not
seem to be too strong given the low degree of sophistication of the semiempirical method used. We
consider, in fact, this easy handling as one of the most powerful characterisitics of the procedure.

On the other hand, the weak field approximation appears to break-down for asymmetric profiles.
Instead, it has been applied to the symmetric and antisymmetric parts of I and V, respectively. This
has been shown to be successful in estimating values of the longitudinal component of the magnetic
field (values proportional to the magnetic flux if the filling factor is not unity). The values found
are in fair agreement with those obtained via the center of gravity method which reinforces their
reliability. Moreover, an estimate of the ratio between photospheric and chromospheric magnetic
field is possible because the umbrae observed have been the same in both wavelength regions. A
ratio of 2-3 has been found as measured in the photospheric formation region of the Fe 1 6302 A line
and in the chromospheric formation region of the Ca n H and K lines.

The last analysis has been conducted prior to any sophisticated use of spectral synthesis or
inversion technique, but the possibility of their application is currently open and should be pursued
in the near future.

Finally, we do not want to conclude without stating our hope of valuable improvements on the
observations (and, consequently, on the analysis) by using CCD cameras instead of photographic
films in our observing campaign next year. Both spatial resolution and S/N ratio will be reasonably
improved.
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Discussion

S. Koutchmy: You are dealing only with the emission line profile of Ca[l in the spot; what about the
absorbed (reversed) part?

J.C. del Toro Iniesta: The wings are so broad that no measurable V signal is obtained, within the signial
to noise. Non-zero V signals have already been observed in MgIB lines by other authors, but in this case
V signal should be much smaller due to their lower Land6 factor and broader wings.

S. Koutchmy: Do you see 3 min oscillations in the CaIIK line, and how do you take care of effects
produced by these oscillations?

J.C. del Toro Iniesta: We have not taken any oscillations into account. It is true that they can influence
the observed profiles, but a proper consideration for the oscillation can not be made with the present
instrumentation.

A. Skumanich: The K 2v part of CalI is often perturbed in plage regions by transient emission, and may
be the cause of the breakdown on the violet side of K 2 in your 9 verses d1/dA relations.

J.C. del Toro Iniesta: It may perhaps have some influence on the whole problem, but it is also found in
umbra] observations and not only in plage.

A. Skumanich: I commend you on your effort to obtain observational signatures, as you called it, of lateral
force balance. How invariant is your field-intensity relative to the size of the spots? How different are the
penumbral areas or radii?

J.C. del Toro Iniesta: I am sorry but we have not any statistical result. These are just preliminary results
with these two spots. It is our aim to extend this kind of study to as many spots as possible.

S. Solanki: In the first part of your talk you presented a relationship between brightness (or temperature)
and field strength in sunspots. Since the brightness jumps at the boundary between the umbra and the
penumbra, does the field strength in your model also jump at that point in your model?

J.C. del Toro Iniesta: No, it does not. The spot is just considered as a vertical flux tube embedded in
a nonmagnetic atmosphere, but no considerations on the model atmosphere have been taken into account.
This relation only comes from the horizontal component of the magnetostatic equation. The problem you

mention is in the boundaries of the tube and perhaps correspond to the upper part of the diagram where
some saturation begins to occur. In any case our spatial resolution is not good enough to observe strong
jumps in brightness in the boundary.

J. Stenflo: I would advise you not to use the terminology "field strength" for your observational results,
since your weak-field approximation of course provides no information on the magnetic filling factor and this
only gives you values of the magnetic flux. Your use of the term "field strength" may mislead some people
to believe that you have really determined the intrinsic field strength in the plage chromosphere. Instead,
your flux densities provide a lower limit to the chromospheric field strength (assuming that the different
thermodynamic properties of the magnetic and non-magnetic chromospheres have properly been accounted
for).

J.C. del Toro Iniesta: Thank you for your precision. In fact, any unknown filling factor different from
unity should be taken into account.
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Summary. We shortly review works done at the VTT of SPO during the last 15 years,
on both high spatial resolution spectroscopy using polarization analysis and magnetog-
raphy with a polarization modulator inside the UBF. Respective merits and noticeable
results are discussed. We stress the importance of using high-speed measurements to
track the magnetic signal and avoid losses due to image motion; the efficiency in im-
proving the resolution using the 2-D Wiener filtering is also demonstrated. Subarc-
sec resolution magnetic maps are discussed, to show not only the dominant-polarity
magnetic-elements, but also the mixed minor-polarity and the weak field outside.

1. Introduction

There is no need to introduce the subject as several recent reviews, Zwaan, 1987, Stenflo,
1989 for ex., and several conferences have been devoted to it in the last years : Schr6ter
et al. 1988, Deinzer et al. 1986, for example.

However, from the observational point of view, not very much has been written
on high spatial resolution measurements of non-spot magnetic-fields, although a con-
siderable progress has been made possible thanks to the use of CCD cameras and fast
processors. The "old" review papers by J. Harvey, 1976 and J. Beckers, 1976 are still
a reference on the subject; a considerable effort has been produced by the H. Zirin-
group at Big Bear Observatory, see Martin, 1988 for example and the A.Tittle-group
of Lockheed at Sac.Peak and now at La Palma, see Title et al. 1987, for example.

Results obtained using IR techniques or adaptative optics systems are not consid-
ered here, as they still are in a stade of development. At the Vacuum Tower Telescope
(VTT) of N.S.O. Sacramento Peak Observatory, several attempts have recently been
made with both the Echelle Spectrograph (ESP) and the Universal Bi-Refringent Fil-
ter (UBF), to measure polarized line profiles or polarized filtergrams, by G. Simon, L.
November and others. In this report, a short account of past and recent observations
made by our group at NSO-SPO, Koutchmy et al. 1978-1988, will be given in an at-
tempt to justify the search for very-high-spatial-resolution flux-tubes studies, although
this approach has been largely contested in the literature. We however believe that other
methods, for example those based on the use of 2 or more magnetic lines simultaneously
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interpreted, especially in the case of low spatial resolution FTS data, are not less subject

to arbitrary interpretations; even if the precise physical parameters are not ultimately

measured, the high spatial resolution methods have brought very much for the analysis

of thermodynamical parameters in concentrated magnetic fields regions (temperature;

velocities) and appear more straightforward for the analysis of the dynamical and the

morphological characteristics of a flux-tubes region. Indeed, one of the best pieces of

evidence for the existence of very concentrated magnetic fields outside of spots comes

from the famous "filigree" pictures of R.B. Dunn, P. Mehltretter and the filtergrams of

J. Beckers.

, .. . ,, 4 8 60 A

4 =Sec 100 km

Eizure 1. Small part of an early photographic frame obtained
at the prime focus of the VTT of SPO, from high speed bursts.
The resolution reaches 0.15 arcsec (see Koutchmy 1977) on
the filigree structure shown by the arrow.

The beautiful magnetograms obtained at Kitt-Peak and Big Bear, although of very

high sensitivity, are of lower spatial resolution (3 or more arcsec), making their calibra-
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tion a very tedious work. To give here a more perspective definition of what should
be the today aim of high spatial resolution magnetographic (polarimetric) observations,
consider figure 1 which shows the typical and best resolution (ultimate at NSO-SP)
"•picture" of a flux tube region (a small network element observed at the photospheric
level).

Extremely bright features of < 0.2 arcsec cross-section are seen, apparently embed-
ded in an intergranular lane (examples with the same structure overlapping a granule
can be also found...). This obviously magnetic feature is of very complicated morphol-
ogy (nothing like a model-flux-tube) and more importantly, rapidl changing (with a
time scale of 1 to 10 sec !). The question we address here is : where is the magnetic
field ? Clearly : do we "see" the dissipating current sheets associated to a concentration
of magnetic fields with amplitudes up to 1 to 2 Kgauss inside, and of smaller amplitude
around or, alternatively, do we see the "walls" of a Wilson depression of a more static
concentrated field of unique amplitude producing a set of evacuated tubes, as theoretical
works seem to predict ?

2. Observing constraints

In high spatial resolution observations, a magnetic signal is clearly extracted from a po-
larization analysis resulting in a differential modulation effect over the f.o.v., due to the
Zeeman longitudinal effect when Left Circular Polarization (LCP) and Right Circular
Polarization (RCP) light is measured (the transverse Zeeman effect, producing a consid-
erably smaller modulation and accordingly, a far smaller signal-noise ratio, is not consid-
ered here in the context of very small scale structures). Ground-based observations are
permanently disturbed by Earth-atmospheric effects and, correspondingly, the spatial
resolution, characterized by the resulting Modulation Transfert Function (MTF) see fig-
ure 2, will strongly depend of the exposure time and, accordingly, the resulting ultimate
resolution will drastically change. Additionally, very-small-scale structures are changing
rapidly, so the first constraint is to perform observations strictly simultaneously or, at
least, switch the measurements from one channel to the other one at a rate fast enough
to reduce the differential effects produced by image motion, and changing blur and
distorsion to a value comparable with the achieved resolution. To clear up this point,
let us consider the simple case of a single magnetic element of size Az and Ay with a
unique value of field B(z, y) =_ B, = cte over its whole area E = Ax.Ay and with a
zero value outside.

Consider B given by measurements in LCP and RCP lights performed alternatively
with a time laps At; correspondingly, the magnetic element has moved, in At, over the
pixels of the detectors, in the image plan, by an amount of 6x and 6y from the initial
values x,, yo. Without entering into the details of the method used to deduce B from
the magnetic signal, in both the weak and the strong field approximation, we have for
each single magnetogram :

B- f ,(o, x. + bx, Yo, Yo + by) dt (1)

At
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Figure 2. The MTF at the VTT of SPO, with the resulting
resolution reached using different methods of observation.

Considering, in a first approximation, only linear "seeing" effects, we have 6:
v=.At and 6Y = v,.At, V, = vy being constant during At and obviously being related
to the quality of the seeing. In case we have 6x < Ax and 6y < Ay, equation (1)
reduces to Bi m B0 ; this case includes the case of simultaneous measurements, when
At =_ 0. Unfortunately, the conditions are difficult to satisfy in case of magnetographic
measurements performed using the switching between 2 polarization states, especially
when the reading time of the CCD is At, >> St, with 6t < Ax/v ,; 6t < Ay/Vy; this
is critical if, as one believes, Ax and Ay (flux tube size) are very small ! With the
assumption made before, eq.(1) ca be rewritten also this way
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to+6t to-t-At-bt

Fi :- B. [f f hL dxdy - J J JR. dzdyI (2)
to to0-At

where 'L and fR describe the response of the magnetograph in LCP or RCP lights
and F, is the magnetic flux.

In case the region which is analyzed contains many flux tubes with different signs,
the apparent flux measured Fi will be drastically reduced and can even reach a zero
value ! It is clear that the only way to perform a more or less correct measurement
is to have At < 5t or better At < 6t. It means also that the exposure time should
always be short. Let us put numbers : for a very good seeing, v <0.5 arcsec.sec- 1 -
assuming Ax - 0V2 and Ay - 07'2, we get At < 0.4 sec, so the switching between
measurements should be made in less than 1/3 sec. Now, such switching assumes an
exposure time r < At which is rather small, so integration should be performed to
improve the signal-noise ratio; accordingly, the measurements described by eq.(2) and
the corresponding frames are repeated in a "cycling" time At > At; image motion (and
blurring) is such that a random smearing is then produced during the whole sequence,
the resulting measured flux being :

P ' f F, dt = J f F (XY).S(x-zo, y-yo)dxdy (3)

xo and Yo being the coordinates in a reference frame corresponding to the average. It is
important to note that S is a smearing function, so no magnetic signal is lost during the
integration, eq.(3); then, the mapping of F, can be considerably improved in resolution.
in case the signal-noise permits (!), using a deconvolution of eq.(3) or, better, a Wiener
filter, see Koutchmy 1977, for example. This technique is of course limited by the noise
and even, sometimes, by undeterminations occuring when the pattern is complicated;
recent success has however been obtained in image restauration as dramatically shown in
the case of Hubble Space Telescope pictures, giving more confidence in these techniques.

Finally, we note that subtracting afterward LCP and RCP pictures whicn have
been smeared out due to a long integration time (> 0.3 sec), even when a destreching is
performed to remove the differential distorsion, irremediably produces a loss of magnetic
signal.

3. Results coming from the high-spatial-resolution spectroscopy

This method is well-known from the works of J. Beckers at S.P.O., for example. The
set-up (quater-wave plate and Wollastone) is used in conjunction with the Echelle Spec-
trograph of the VTT to obtain splitted spectra near 630.2 nm, see Koutchmy and Stell-
macher, 1978. Simultaneous unpolarized spectra are also obtained in a non-magnetic
line (557.6 nm) and in Ha, as well as slit-jaw pictures. With the skill assistance of H.
Mauters, we tried to obtain the best possible spatial resolution along the slit, by taking
many spectra during moments of good stability of the image, optimizing the exposure
time (1.5 sec) and the slit-width (0.75 arcsec) to obtain a good signal-noise ratio in the
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core of the splitted magnetic lines 630.15 and 630.25 nm. This last line with g = 2.5
gives the best chance to resolve flux tube magnetic fields; many spectra show a splitting
in the core of the line corresponding to 1 Kgauss and more, so the field seems almost
resolved; the field in the wings (half depth) could also be measured with a method
similar to the so-called center-of-gravity method promoted by M. Semel. No doubt that
to-day, using a large CCD chip, a better resolution could be achieved, although it is still
hard to imagine how spectra of 100 x 70 mm size could be read out fast enough to take
advantage of moments of best seeing and scan a large enough region. Figure 3 obtained
by Dara and Koutchmy, 1983 shows how the distribution of the field looks like when
a typical rosette or network patch is analyzed by using this method, without making
any correction for the loss of polarization due to the telescope nor for the smearing !
Already a 1 KG field is directly measured at the location of highest strength. Note that
the region overlies the quiet sun (minimum of activity) and of course, no traces of a
pore is seen, as evidenced from the inspection of the spectra between the lines, in the
continuum, or the simultaneous spectrum of the non-magnetic line at 557.6 nm and,
evidently, of the slit-jaw pictures taken in the continuum, see also Koutchmy and

4o •8x0O Mx

tolot
tot 100

I

900- 700 90 •

,me oooI Cm

Figure . Isogauss maps in a rosette of the chromospheric network obtained
by scanning the region and performing i high spatial resolution analysis of
polarized spectra of the 630.25 nm line of Fel. A similar map is obtained
using the simultaneously observed 630.15 nm line (see Dara and Koutchmy,
1983).
Note that the field seems more concentrated in the deepest layers measured
in the wings of the line, compared to result obtained at line center. No
corrections are introduced to remove effects of telescope polarization nor
effects of the spatial smearing. Numbers are given in gauss.
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Stellmacher, 1978. The velocity field was deduced from the 557.6 nm spectra and it

has been clear, since that time, that no large downward velocities were observed in the

magnetic region, a result largely confirmed by latter results coming from the analysis
of FTS polarized spectra. However, the line is wider in the magnetic region and several

effects could be responsible for that : turbulent velocities (unresolved) or magnetic

effects due to the presence of unresolved fields of parasitic polarity (see further). We
first tried to improve these results, by removing effects of 5-min oscillations, see Dara

et al., 1987. Nothing really special or conspicuous can be concluded at this point, as a
better resolution is needed to investigate the distribution of velocities in the magnetic

feature; note that on spectra the continuum brightening, see figure 1, of the magnetic
feature is completely washed out by the smearing and a rather lower than the average

intensity is observed ! Further, few indications can be obtained by trying to correct in

B#1gauss] 6SN"3 gauss km- 1

+1000 6x

500

- SOO

+1000 A[ KI Kline center

0

or i+4}~ontinuum

.Il[kmSj]

0.2

'down draft

Figure 4. Cross-section obtained when the best resolution polarized spec-
tra, through the maximum of the magnetic-field pattern of figure 3, is
deconvolved in the spatial direction. Note that the distance between the
opposite polarities is less than 1 arcsec and that a large undetermination
appear for the continuum contrast.
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the spatial direction the spectrum, as the signal-noise is very high on these polar-
ized spectra. A solution was suggested in Koutchmy and Stellmacher, 1988, with the
first indication of a surprising result . a parasitic polarity seems to be present in the

concentrated magnetic field region, see figure 4. This is a direct consequence of the
non-symmetric distribution of the magnetic signal, of the very high gradient appearing

in one wing only and of the effect of the non-magnetic regions on the profiles or, equiv-
alently, of the filling factor. The use of an independent method was needed to confirm

this unexpected result.

4. Results coming from the high spatial resolution magnetograms

Several methods can be used to obtain a magnetogram with the UBF, at the VTT. A

careful] analysis has been made by L. November (see the present Workshop Proceedings)
with the "2-wings" method and by the A. Title group with their own filter, see Title
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Figure 5. Illustration of how the 2D-Wiener filter works on a noisy picture
taken from the observation of filigrees in the true continuum, upper left:
results are shown at the bottom left. Quantitative results are presented at
right by a scan in intensity performed horizontally through the center of the
filigree. The central intensity is almost 2 times higher than in intergranular
space.
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et at., 1987 for example, using the CCD-imaging method. In order to follow the lines
sketched in part 2, we tried the fastest methods, both photographically and with CCDs.

Dara et al., 1990, see also the present Proceedings (more results will be published in a
forthcoming paper in A.A.) have used the photographic method in taking simultaneously
2 polarized images in the 610.2 nm line of Cal which best fits the spectral width of the
UBF filter. The achieved spatial resolution is again limited, due to the difficulties
inherent to microdensitometry work and also, to the differential distorsion effects by
the Wollastone prism, when images are splitted; finally, the exposure time is not as
short as it is needed although few sequences easily reach the subarcsec resolution. More
work could be done on them.

One way to improve the resolution, as stated several times here, see formula (3),
is to deconvolve integrated pictures. In case of a magnetogram maps of the V-stokes

parameter in one wing only, and presumably in the blue wing (see further), will be con-
sidered. The first works done on the I-stokes parameter have shown how this technique
works and it is worthwhile to illustrate the result namely on this example. Figure 5
shows a region with concentrated magnetic field, following the technique used originally
by Dunn and Zirker, to discover the filigrees (scanning the Ha line); it is obtained in
the true continuum with granules surrounding it; in this case, the magnetic feature
looks roundish and embedded at the crossing of several dark lanes. A 2 D-Wiener filter
was used to deconvolve and smooth the noise, see Koutchmy, 1977, with quantitative
resultshown on the side of figure 5. Note that a tiny feature like a filigree observed in
the continuum, see also figure 1, is not only becoming brighter and narrower, but also,
new features appear : for example ring-like brightening over a granule (see tick marks)
was rather flat (the reality of the feature is confirmed thanks to results obtained using
independent pictures); note also that only a 2-D processing brings "new" features :
the deconvolution/filtering of the 1-D scan shown at right of figure 5 would have never
shown the result as evidenced by the feature appearing under the arrow (a relative
minimum appearing at the location of a relative maximum on the original noisy scan).
Finally, note the total absence of any Gibbs effect in the final picture. Accordingly,
the 2D-Wiener filtering is well suitable for improving noisy pictures or mapping of the

magnetic field, provided the smearing can be described with a shift-invariant isotropic
real function; as a rule this function possesses extended wings which describe effects

often attributed to the scattering light, considerably reducing the contrast.
The last results we want now to discuss come from a recent observation (Feb. 90)

done with a CCD-camera and the CHIRP-system, see also Koutchmy et al. in the

present proceedings. All conditions discussed in part 2 are satisfied in these observa-
tions : magnetogranm are obtained at a rate of 4 subtracted full video-CCD frames;
the KDP being switched at a frequency of 15 Hz, only 1/15 sec, or 67 msec of time is

spent between 2 frames used to build a single magnetogram which is quite fair for 0.16
arcsec pixel size when the seeing is good at SPO (no fast image motion, of course !);
then the magnetic signal can be integrated on successive differential frames (single mag-
netograms) although a spatial smearing occured. On lines 610.2727 nm of Cal with a
7.7 pm shift in blue or red wings successively, and 517.2698 nm b2 of Mgl with 5.0 pm
shifts, 20 single magnetograms are integrated to form a set of 20 "second generation"
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Ok A

Fisrure~ High contrast magnetic map of a moderately plage area outside
active regions, to show the distribution of different polarities of magnetic
flux elements. The magnetic signal is measured in to the blue wing of 610.2
at 7.5 pin or roughly at the 200-300 km levels above the photosphere. Note
the weak field appearing almost everywhere.
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magnetograms used to obtain, after integrating again and 2D-Wiener filtering, the best

signal-noise ratio magnetogram in the blue or in the red wing of the corresponding line.

These 2 spectral lines have shown a quite comparable distribution of the small-scale

magnetic features, with ultimate size of order of 0.5 arcsec and smaller and strength

(preliminary calibration without removing effects due to the instrumental loss of polar-

ization) in the 1 KG range. A third line was used to show even higher the magnetic field

in Ha, with 50 pm shifts; there, the signal is definitely smaller, so a 100 single magne-

tograms integration rate is used instead of 20. Magnetograms in Ha are very sensitive

to the quality of the seeing, suggesting flux tube in fibrils are of very small scale; the

field seen at deeper levels appears also on Ha magnetograms, but the distribution is

smooth or "diffuse".
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Many new features appear on the set of filtered magnetograms we obtained with this
method, mainly shown on our poster paper (see the present proceedings). One of the
main result has been to definitely show the importance of the minor or parasitic polarity
occuring almost everywhere close to the dominant concentrated field. This is illustrated
on figure 6 which is a well contrasted print of our best photospheric magnetogram
in the blue wing of 610.2. Note that the corresponding red-wing magnetogram gives
essentially the same result but it shows a more noisy weak field, presumably due to the
influence of the red-shifted intensities of intergranular lanes superposed to the magnetic

signal. The weak field is also present, in both polarities, almost everywhere. We checked
the reality of these features by analyzing sub-sets formed : 1) of the odd and of the
even numbers of single magnetograms (presumably uncorrelated), and 2) of the first 10
and of the last 10 magnetograms. Results are consistant and we determined that the
smallest flux detected for sure on the resulting magnetogram of figure 6 is certainly less
than 3 x 1016 Mx. Many weak bi-poles separated by only 1 arcsec or less are seen. The
effective resolution is better than 0.5 arcsec (the resolution corresponding to the Nyquist
frequency is 0.32 arcsec). On the last figure 7, we show an enlargement of 16 x 16 arcsec 2

when a threshold is put to make the isogauss map "clear". It shows clearly the location

of the minor polarities "inserted" close to the dominant magnetic flux concentration.
More results are coming from the comparison of different magnetograms with filtergrams

obtained during the same run in the true continuum, in b1+40 pm and in Ha, but this
is beyond the scope of this paper.

5. Conclusions

Sub-arcsec magnetography seems to show what could be the start of a new approach to

the modeling of flux-tube regions :

- Occurence of 2 polarities, with one largely dominating polarity which seems to be

open toward the chromosphere and possibly the corona;
- Field lines coming from the minoi" polarity confined to low levels, possibly the

canopies;
- Essentially no-downdraft in the dominant polarity, but possibly a downdraft in the

minor polarity.

We notice that mixing 2 polarities in a "resolution" element, when low resolution

observations are considered, could explain the famous Blue/Red asymmetries of this
V-stokes parameter quite simply.

We also show rapidly changing small magnetic flux, especially when weak fields are
considered. These fields correspond to fields smaller by at least one order of magnitude;
they cannot be detected with the spectroscopic method which uses exposure times
exceeding what is required from consideration exposed in part 2. A whole area of new
results can be expected when the right methods will be at work.
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Discussion

Wang: I am worried about the bright ring around the dark magnetic elements. We never see this structure
in BBSO magnetograrns although we can see intra-network fields better.

Koutchmy: There is no bright around the large amplitude (strength) magnetic elements! The minor
polarities are not distributed randomly over this limited field; it seems that they are more numerous on one
side (possibly related to their dominant proper motion direction?). The use of the Wiener filter, when the
noise is properly taken into account, seems to avoid effects you mentioned (Gibbs effect, etc.). I could have
presented a less noisy final results which would have never suggested any "bright ring" effect (not to be
confounded with the random noise) but I think it is fair to show also what is our noise.

Harvey: The opposite polarities surrounding the strong magnetic features in your magnetogram resemble
ringing (Gibbs phenomenon) associated with Fourier filtering. Did you use such filtering and, if so, did you
run tests to determine the amount of the ringing?

Koutchrny: Again, we have nothing like a ringing around strong magnetic features; a minor polarity is seen
only on one side. Using the Wiener filter in 2D image restoration does not produce this effect, provided the
spectral distribution of the noise is taken into account (see Astron. Astrophys. 61, 1967, 397)_ Of course
this limits the resolution reached; there is no miracle. Using the procedure, many test runs are made with
several subsets of the data and the ringing phenomenon is avoided whatever the signal. An additional and
convincing check is given by the same filter processing of the Mgb2 magnetogram: there almost no "new"
minor field appears and, of course, no traces of a ringing effect, although the field is not less concentrated.

Solanki: Since visible spectral lines are not completely split outside of spots and pores, a line weakening
(i.e. a change of line shape) can also affect the apparent splitting of a line. Therefore, I suggest that in order
to make your conclusion that magnetic field and line weakening are not well correlated more reliable, you
first combine I + V spectra to a stokes V spectrum and compare this to synthetic V profiles calculated for
different temperatures and field strengths.

Koutchmy: Line weakening and magnetic field are well correlated up to a resolution of 0.2 arcsec. There
are suggestions that in cases when the minor polarity is close to the dominant magnetic concentration, the
line weakening is displayed by an amount < 0.2 arcsec; this result seems reliable because it is coming from
the comparison of the shape of both magnetic and non-magnetic lines observed strictly simultaneously at
the same location of the Sun.

Lites: Can you estimate the lower limit on average field strength within a resolution limit!? If so, do you
see any evidence for weak (diffuse) magnetic fields in the photosphere?

Koutchmy: The estimate of the smallest flux we see gives few 1016 Mz, which corresponds to a quiet weak
field. After restoration, the strength (amplitude) of the field in these very small flux elements is of order of
few tens of gauss; polarity are mixed, although even at a distance of 5 to 10 arcsec of the dominant field
pattern, the strength seems higher when the polarity corresponds to the dominant field. This effect is more
pronounced when the Mgb2 magnetograms are considered; there, only the dominant polarity seems to exist.
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Abstract: Some spectropolarimetric observations at moderately high spatial resolution are presented. The
observations, obtained through a Fabry-Perot interferometer in cascade of an Universal Birefringent Filter, show the

high potentiality of this spectroscopic technique for the detailed analysis of solar active regions.

Introduction

A new technique is devised to obtain spectropolarimetric observations of photospheric lines in
solar active regions. The technique involves the use of an Universal Birefringent Filter (UBF) in
combination with a Fabry-Perot Interferometer (FPI) to obtain filtergrams with a spectral resolution
of the order of 3 x 105 (Bonaccini et al., 1989; Bonaccini and Stauffer, 1990). The polarimetric
analysis is performed before the spectral analysis by means of a quarter-wave plate followed by
a linear polarizer. The solar radiation collected by the telescope feeds the polarization analyzer,
then the UBF and FPI, and is finally collected on a CCD camera which produces a monochromatic
image, in right or left circular polarization, of the field of view (see Fig. 1).

The various images, corresponding to different polarization directions and to several wavelengths
across a given spectral line, are obtained sequentially in time; by means of a beam-splitter feeding
a second CCD camera, a white-light image of the same field of view is also collected simultaneously
with each monochromatic image, to give the possibility of carefully removing the seeing induced
distortions, via a de-stretching algorithm.
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Figure 1: Schematic configuration, at the NSO/SP Vacuum Tower Telescope, of the Universal Birefringent Filter
and the Fabry-Perot Interferometer. The telecentric configuration for the UBF and FP[ assures the uniformity of

the passband on the whole FOV.

The observations have been obtained at the Vacuum Tower Telescope of the National Solar
Observatory / Sacramento Peak on August 6, 1988, UT 15:10. They refer to an active region
at heliographic latitude 190.8 N and longitude 00.6 E (Boulder Number .5101); the observed field
of view (30 x 30 arcsec2 ) partially covers a large pore (or, more probably, an emerging sunspot).
The spectral line observed is Fel A 5247.05 , with 15 wavelength points across the profile, plus I
continuum point. The exposure time is 0.5 s for each wavelength and polarization state for a total
of 30 s to cover the full line.

First, the filtergrams have been processed to remove systematic errors introduced by the trans-
fer optics and detector response, transparency modulations in the UBF and FPI, and quarter-
waveplates retardation changes with wavelength or polarization direction. The monochromatic
images have then been "de-stretched" by means of a numerical algorithm due to L. November
(November, 1986) and the line profiles corresponding to each pixel (covering an area of 0.2 x 0.25
arcsec2) have been recovered through standard techniques. Finally, from the line profiles a set of
parameters has been obtained for each pixel in the field of view, such as equivalent width, velocity,
magnetic field, and moments of various order. In particular the longitudinal magnetic field has been
deduced through the center of gravity method (Rees and Semel, 1979).

Results

The spatial resolution achieved, for the velocity and magnetic field, is of the order of 0.8
arcseconds. Looking to the magnetic and velocity maps, we can notice that strong magnetic fields
are mainly concentrated in pores and that structures characterized by upward velocities are well
correlated with bright features.

The various correlations between different parameters are shown in the form of scatter-plots
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Figure 2: Correlation between magnetic field and velocity for areas having a continuum intensity smaller than 90%
of the mean quiet contunuum intensity (dark areas).

(Figures 2-6). As our observed region contained several pore-like structures, we have analyzed sep-
arately the regions having a continuum intensity smaller or larger than a threshold value (arbitrarily
set to 90% of the mean quiet continuum intensity). For convenience, we refer to these regions with
the name of dark areas and bright areas, respectively.

In dark areas, we notice that strong magnetic fields are well correlated with high downdraft
velocities, suggesting a linear relationship of the form: B = 500V, where B is in Gauss and Vin Km/s
(see Fig. 2). Also, there is a less definite correlation between magnetic field and continuum intensity,
the data showing that strong magnetic fields are always found in regions of low [,. However, a jow
value of I1 does not necessarily imply that 3 is strong (Fig. 3).

For bright areas, we find a definite correlation between velocity and continuum intensity, tb,1

brighter regions being characterized by upwaid velocities and the darker regions by downward
velocities (Fig. 4). This correlation obviously reflects the granular structure of the quiet atmospF :e.
Where the magnetic field is present, we find that relatively large values of B are associated with
lower values of the continuum intensity, thus suggesting a concentration of the magnetic field in
intergranular lanes (Fig. 5). However, a definite lack of correlation between B and downdraft
velocities (Fig. 6) suggests that the intergranular lanes where the magnetic field is present have a
different dynamical behavior from the non-magnetic ones.

Due to the poor seeing conditions at the moment of the observations, these results have to be
considered of an exploratory and preliminary natu:e. They show however the high potentiality of
this spectroscopic technique for the detailed analysis of solar active regions.
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minutes oscillations.



many spectra during moments of good stability of the image, optimizing the exposure
time (1.5 sec) and the slit-width (0.75 arcsec) to obtain a good signal-noise ratio in the
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of the VTT staff for the help provided during the observations. Many thanks are due to the Dr- I.
Zirker for useful suggestions and to the Dr. L. November for the use of his destretching algorithms.
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Discussion

S. Solanki: Have you also studied the velocity as derived from the Stokes V zero-crossing wavelengths?

E. Landi: No, but we intend to do it in the following. The zero-crossing of the V Stokes parameter is
however more affected by noise than the center of gravity of the intensity profile. Moreover, these two
quantities are obviously related to different parameters. The first gives an indication on the line of sight
velocity of the magnetic concentrations, while the second rather gives an indication on the average velocity
of the area covered by the pixel.

B. Lites: What is the approximate angular resolution of your profiles?

E. Landi: The angular resolution is of the order of I arcsec.

L. November: Were the data averaged over the 5 minute oscillations? This must produce noise in any real
correlation.

E. Landi: The data were not averaged over the 5 minutes oscillations. As the scanning time for the whole
profile is 30 s, we think that the presence of oscillations is not capable of altering the mean conclusions of
this work. However, it is true that the effect of oscillations will show up as an additional source of nots.e in
the scatter-plots.

A. Cacciani: Can you show us the overall transmission profile of your UBF + FP filter? In particular: 1)
What is the wing behavior of this transmission profile? 2) What is its variation from the center to the edge
of of the field of view?

E. Landi: I) The transmission profile of the UBF with the Fabry Perot interferometer filter has very reduced
side lobes, whose detailed behavior and amplitudes depend on the wavelength on which the filter is centered.
A quantitative description of the transmission profile at different wavelengths can be found in Bonaccini et
al. (1989), Astron. Astrophys 217, 368. 2) Due to the telecentric configuration of the system there are not
variations of the transmission profile from the center to the edges of the field of view.

C. Keller: Could the extremely high temperature sensitivity of Fel 5247IA, together with different tem-
peratures in the magnetic fields explain the correlation between continuum intensity and flux for the bright
areas?

E. Landi: We think that the correlation between magnetic field and continuum intensity has its most
natural explanation in the presence of magnetic fields in intergranular lanes.

S. Koutchmy: Do you have a plot of magnetic field strength as a function of the central line intensity?

E. Landi: The only parameters that we have extracted from the data are continuum intensity, center of the
line and magnetic field. The last parameters, being deduced from the full line profile, arý better determined
than the central intensity of the line.
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ABSTRACT. Two dimensional maps of the longitudinal magnetic field can be readily calculated

for small-scale magnetic regions. Here we use an one-hour time sequence of high spatial resolution
(0.75 arc sec) filtergrams, obtained at the Sacramento Peak Vacuum Tower Telescope with the

universal filter (UBF) in the wings of the magnetically sensitive A 6103 CaI line. The time

difference between two magnetic maps is 32 sec. The measurements of the magnetic field in the

blue wing are about 40% higher than in the red wing.

1.-INTRODUCTION

Small-scale magnetic fields far from active regions have been the subject of many publications
in the last two decades (Frazier and Stenflo, 1972; Howard and Stenflo 1972; Koutchmy and

Stellmacher 1978; Stenflo and Harvey, 1985; Title et al, 1987; Grossmann-Doerth et al, 1989).

Efforts have been made for high spatial resolution observations, but the question of whether

small-scale magnetic fields are unresolved and thus quite strong, even when they appear weak, is

still open. If the spatial resolution is poor, it is not easy to evaluate the contribution of each of

the fine structures seen in a high resolution observation; still, even in high resolution observations

there may be unresolved "flux tubes" as Stenflo (1973) has inferred.

In a previous publication we presented maps of small-scale magnetic fields obtained from

high resolution spectra (Dara and Koutchmy, 1983); these were constructed from one dimen-

sional measurements, therefore were not instantaneous. In this paper we present two dimensional

magnetic maps using high resolution filtergrams and we discuss the blue-red asymmetry and the

limitations of the observations.

2.- OBSERVATIONS

High resolution (0.75 arc sec) filtergrams were obtained with the Tower telescope and the

universal filter (UBF) of the Sacramento Peak Observatory. Each wing of 6103 Ca I was si-

multaneously observed in right and left circularly polarized light, consequently the atmospheric
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Figure 1: The dashed curve shows the line profile from the AFOL Atlas, while the solid
curve is the scan of the line profile obta~ined with the UBF over an out of focus image of

the sun at the center of the disk.

distortion was the same for both polarizations. A Wollastone prism was used for the separation

of the two polarizations. The positions where we centered the filter in the blue and the red wing
were those which gave the best signal to noise ratio for the magnetic field and were determined
empirically; the shift from the line center was ±70 mA. The UBF was carefully checked before
the run and the small line shift due to the solar rotation was taken into account.

The filter bandwidth at 6103 A was 186 mA, while the scale of the image on the film was 10
arc sec/mm. The field of view was 100 by 200 arc sec and the telescope was pointed in a quiet
region near the center of the disk, at N18 W12.

The vignetting effect was *mportant, therefore flat-field pictures, with the solar image outfo-
cused, were used for the correction. A step wedge was used for the photometric calibration.

We digitized the best frames at each wavelength with the fast mnicrophotomneter of Sac Peak
and got an equivalent matrix of 700 by 780 pixels. The spot size was 0.7 arc sec and the sampling
step 0.3 arc sec. We selected two regions for mapping of the magnetic field; one region was bipolar.
while the other was unipolar with two separate components.

3.- DATA REDUCTION AND RESULTS

Magnetagrams were obtained using the "weak field" approximation. Under this assumption,
the subtraction of the two opposite polarity images in each wing gives a signal proportional to
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Figure 2: Magnetic field maps of the measured longitudinal component for a bipolar
region. Each map is the result oa averaging of 5 min of observations. Solid and dashed
contours indicate positive and negative polarities; contours are in steps of 0.3% contrast

(-'30 Gauss). Tickmarks are every 0.3 arc sec.

the Zeeman shift and the derivative of the line profile; the reference profile was obtained with the

UBF at the center of the disk, with the solar image outfocused (Figure 1).

For each wing the superposition of the two opposite circular polarization pictures was carried
out on the computer screen, by moving one picture with respect to the other, until a uniform

background away form the magnetic regions was obtained on the subtracted image. The final
magnetic map is the average of the maps in the two wings, which were superposed using the same

method.
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Figure 3: Magnetic field maps similar to those of figure 2, but for the unipolar region.

Figures 2 and 3 give the maps of both regions, averaged further over a five minute interval in
order to reduce the effect of the five-minute oscillations and to improve the signal to noise ratio,
at the expense of a slightly degraded spatial resolution. The total flux in both regions is of the
order of 101' Mx. The maximum magnetic field in both regions is 330 Gauss.

Choosing the best filtergrams of the sequence we compared the measurements of the longitu-
dinal magnetic field in the red and in the blue wing (Figure 4). In both regions the measurements
of the magnetic field were higher in the blue than in the red wing, which is a manifestation of
the well-known blue-red asymmetry of the line profile. The slope of the red-blue regression lines
is 0.7, that is the values measured in the blue wing were 40% higher than those of the red.



Small Scale Magnetic Field Mapping 261

R E D - B L UE Hi ,•,I _ 
.r.,

2 0 I

'- 200-i" '

O }xx x X J"?k "

D -100- XX

x~x x

Cx

-o o

xx X

-300 ,, , ,
-300 -200 -100 0 100 200 300 LGO0 500

B-blue (Gauss]

BED}-BLUE HIND EOBPEL•TI,-i

300

co 200- X x 9

GD

-300 1

-300 -200 -100 0 100 200 300 400 500
B-b l ue (Gauss)

Figure 4: Correla~tion diagram between the values of the longitudinal magnetic field in

the red wing and those in the blue wing, for the two regions: (a,) bipolar and (b) unipolar.
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4.- DISCUSSION

The values of the magnetic field intensity that we obtained using the "weak field" approxi-

mation are lower than the true peak intensity because we used a non-magnetic Stokes I profile as

reference. The I profile in a magnetic region would be less deep and the slope in the wings would

be smaller, leading to an underestimation of the magnetic field intensity. The observed values

are reduced further due to loss of circular polarization by the telescope optics and the entrance

window (the loss because of the window is about 20%). It is also possible that mixed polarities

which cannot be resolved might be present inside the dominant polarity region, reducing even

further the values of the intensity of this dominant polarity.

These two factors, together with the effect of spatial resolution which is still insufficient to

show the elementary flux-tubes can reduce a kG field to the observed values. Moreover the pres-

ence of unresolved mixed polarity field may have an important effect on the red-blue asymmetry.

However, although the magnetic field is underestimated, these magnetograms have the ad-

vantage of a satisfactory spatial resolution; moreover, since a map can be obtained every 32 see,

changes of the magnetic features can be closely followed.
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TO MEASURE THE ZEEMAN EFFECT IN FLUX TUBES
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The "CHIRP"* real-time video processor has been used in conjunction with an

RCA-504 CCD--camera at the exit of the UBF filter of the VTT of NSO/SP.

Video-magnetograms were obtained consecutively in the blue and in the red wings by

integrating short sequences of subtracted images in left and right circular polarized light.

A 42x42 arcsec region situated close to the disc-center, in the vicinity of the "feet" of a

large filament, has been chosen for the analysis of "plagettes" and flux-tube regions, see

Figure 1 and 2. Magnetograms were obtained using 3 different lines corresponding to 3

levels of the low solar atmosphere: 610.27nm line of Cal to measure magnetic fluxes at the

photospheric level; the 517.27nm b2 line of MgI (core of the line is used) for the

1Operated by the Association of Universities for Research in Astronomy, Inc. (AURA) under cooperative
asgeemmt with the National Science Foundation.
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low-chromosphere level and the 656.28nm Ha line (medium wings are used) for the typical

chromosphere level. Single magnetograms and preliminary results have been already

presented at the last SPD-AAS Meeting.

On figures 3a to c, we show samples of our best magnetograms, processed in order

to increase as much as possible the visibility of the smallest magnetic fluxes and to

illustrate the statistically significant contribution in flux-tube regions of the subordinate

polarity in mixing polarities at the - e se. The phenomenon is clearly

demonstrated on the photospheric magnetograms; it is completely absent in the

low-chromosphere magnetograms, although the same field strengths are observed over the

dominant polarity and exactly the same data-processing has been applied to the data-set.

Absolute calibration of magnetic fluxes has been attempted using two methods: a)

using simultaneous observations performed with the Echelle spectrograph to visually

measure the Zeeman splitting in 1 KG field regions and b) by measuring the absolute value

of the circular polarization degrees. Typical field strengths are indeed at their maximum of

order of 1 KG for both the photospheric and the low chromosphere magnetograms.

Figure 4 shows the relation between the strengths of the field as measured in the

blue and in the red wings: at this resolution only a small asymmetry is observed for the

weakest fields in the photospheric line and a reversed effect seems to be observed in the

chromospheric line.

The spatial correlation is excellent between filtergrams in b - 40 pm and both

photospheric and low chromosphere magnetograms. The Ha magnetograms clearly show

the plagette which seems surprising, in view of the conventional picture of field lines

spreading with height onto the middle chromosphere. Ha fibrils are also seen but their

footpoints are not clearly apparent.
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FIGURE 2

Filtergram observed in the wing of the bl line of MgI, to show regions of temperature
excess co-spatial with the concentrated magnetic fields (the bright network). Note that at
this scale, flux tubes are confined to regions forming a filigree pattern and sometimes to
single knots. The same region, observed simultaneously, is shown in Figure 2', in the
deepest layers of the true green continuum and on Figure 2", in the highest layers at the
Ha line center. The part of the field analyzed in great detail with the new SPO
video-magnetograph is shown.

4WI
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FIGURE 1

Full solar disc picture in Ha taken at the Hilltop facility of SPO on February 25, 1990,
16:00 U.T. The region corresponding to the br-4Opm filtergram of Figure 2 is shown with
yellow contours.

N
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FIGURE 2 ter.
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FIGURE 3a

Photospheric magnetogram obtained in the blue wing of the 612.27 nm line of Cal, at
-7.5 pm. Levels are shown in relative units (typically 1 unit : 2 gauss, without making
corrections for the loss of polarisation due to the telescope) in dashed or continuum lines,
depending on the polarit .y. Note the scale : I px is 0.16 arcsec, so the resolution achieved
after using the Wiener filter is of order of 0.4 arcsec or better ; the full frame shown has a
size of 40 x 40 arcsec2 , and 400 single magnetograms are superposed to improve the signal
to noise ratio before processing the frame (100 sec integration time). The orientation of
the magnetogram corresponds to a 90' clockwise rotation when compared to figures 2 and
the distorsion present in the original magnetograms has been corrected. The correlation
between flux concentration and MgI bl + 40 pm is excellent.
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Figure 6: Magnetic field versus velocity for brght areas. One can notice the lack of the correlation between B and
V existing in dark areas.

High Spatial Resolution V-Stokes Polarimetry 2.

FIGURE 3b
Chromospheric magnetogram obtained in the blue wing of the 517.27 nm b2 line of %igi
at - 5.0 pm. The scaile is slightly different from the scale of figure 3-a but the resolution
is the same. Note that the size of fluxules of the dominant polarity are typically the
same as those of figure 3a corresponding to photospheric levels, but the mixed polarity is
almost absent (compare also with figure 3-c). The magnetogram corresponds to a 100 sec
integration, as on figure 3-a, but it has been obtained 2.5 min later.

Or
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FIGURE 3c

The mixed-po'arity contribution is dramatically illustrated on a display with white-dashed
lines for the mnor polarity and in weakly dark for the dominant polarity (see also figure
3-a), the average background level being grey. Note that the minor polarities close to the
dominant field concentrations are not distributed around it but seem to occur on the side
turned to the upper corner where concentrations of reversed polarity occur. Tick marks
point to a fluxule element consistently observed during 100 sec with a value corresponding
to 4 x 10"3 Mx and a 40 gauss amplitude.

.... ..... ....
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FIGURE 4

Diagram illustrating the relation between magnetic fluxes per pixel observed in the blue
wing as compared to what is observed in the red wing of the line. A rather very small
blue/red asymmetry is observed in the photospheric line and a reversed effect in the
low--chromospheric line.
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Abstract

A new method of displaying white light images and corresponding simulta-
neous magnetograms was presented. The method made it possible to identify
intergranular magnetic fields. The magnetograms were recorded with the
Swedish Solar Telescope on La Palma, Canary Islands.

1 Introduction

The purpose of this paper was to introduce a new method of visualizing intergranular
fields. The method uses colors and since color images were not reproducible in this
proceeding we will only discuss the method. Interested may receive copies of the
color slide which was presented at the meeting.

2 Simultaneous Stokes I-, and Stokes V/I-images

The Stokes I-, and Stokes V/I-images shown in Figure 1, were recorded in the
blue wing of the Fel-spectral line at wavelength 525.022 nm. We used a polarizing
beamsplitter and obtained herewith strictly simultaneous images of Stokes I and

V/I (Lundstedt, 1987; 1989; Lundstedt et al., 1990; Lundstedt and Johannesson,
1990). The images cover a very small area of the sun, about 20 square arcseconds.
The two sets of Stokes I-, and V/I-images, were separated by 11 minutes.

The upper and lower left images illustrate Stokes I images produced by a burst of 40
oppositely polarized images recorded on May 21, 1989. Images upper and lower right
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Figure 1: Stokes I- (left images), and Stokes V/I-images obtained with the Swedish

solar telescope on La Palma, Canary Islands. The smallest magnetic elements are

in the order of 0.3 - 0.4 arcseconds.

IMG
illustrate Stokes V/I images produced out of the same burst of oppositely polarized

images. The upper magnetogram was recorded in the long wavelength wing of the

iron line, while the lower magnetogram, recorded some 11 minutes later, was done

in the shortwavelength wing of iron. In the lower magnetogram light areas represent

magnetic fields directed outward while the dark areas are magnetic fields directed

inwards. The smallest magnetic elements are in the order of 0.3 - 0.4 arcseconds.

The Stokes V/I-signal in the images peaks at about 6% .

3 New Representation of Magnetograms

The strictly simultaneous measurements of Stokes I and V calls for a proper repre-

sentation. The classical way of displaying white light images and magnetograms in

a gray scale is not sufficient for detailed studies. Instead we suggest the use of colors

and gray scale simultaneously. This gives the possibility to show both intensity and

polarization in the same image.
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In practice such an RGB image consists of three planes and is formed as follows:

rj = STOKES I + (STOKES V +1 STOKES V !)/2

gii = STOKES I

b=j = STOKES I + (- STOKES V + I STOKES V I )/2

The color and intensity for each pixel are then a linear combination of RGB.

4 Magnetic Features

By superimposing the magnetic flux structures, colored, on images of the photo-
sphere the position of the flux relative the photosphere structure were easily studied.

In the first superimposed image (left in hama viewer, shown at the meeting) the
magnetic flux outlines, as expected, areas of pores. The positive (blue) polarity
clearly dominates. Very little of negative (red) polarity is visible. In the second
colored image (right in hama viewer) (11 minutes later) an area of negative polarity,
of non-pores has moved in. This flux area outlines an area of disturbed granulation.
It may also be noticed that the granules have totally changed between the two
images. In the two images there is no flux in the inner part of any granule. On the
other hand the magnetic flux outlines the borders of granules, i.e. the flux appears as
intergranular (Title et.al.,1987) magnetic fields. The flux is also highly fragmented
and nowhere is the flux smooth over areas.
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SUMMARY. In this paper an empirical method 0C2 a semi
quantitative analysis of the complexity and of the reactivity
of ensembles of magnetic features in the solar photosphere in
the considered active regions is proposed and briefly
discussed. For this analysis we use photospheric photo
heliograms and vector magnetograms as material of observations
and the possibilities of the two-dimensional topology as
theoretical tool.

1. INTRODUCTION

We know that the understanding of the processes in the solar
atmosphere, like reconnection, flares and other effects
appears to be found in the MHO processes in the basic magnetic
elements ('micro scale'): see e.g. Stenflo (1989), and
references in this. The investigation of an ensemble of flux
tubes in the frame of non-symmetry magnetic hydrodynamic
(MHD) -approximation is yet impossible. Several studies of the

characteristic of the magnetic field of active regions in the
"macro scale' have been published ( e.g. Kl:mcnuk, 1987;

Schrijver, 1987, 1989; Chumac, 1989; Howard, and reference=
in this, 1989). In our paper one method of a semi quantitative
analysis of the complexity and of the reactivity of magnetic
features in the 'macro scale' of a solar active region will be
proposed and discussed.

2. METHOD OF ANALYSIS

Many of magnetograms and other observation materials appear to
show that the distribution of the longitudinal magnetic field
Bz at and in the vicinnity of sunspots/pores in the photosphere
has discretely concentrated structures. In connection with this
fact, these magnetic features of different magnetic polarities
at the photosphere may be considered as local sources by which
the whole magnetic field on the photosphere is formed.
To characterize the magnetic complexity of active regions we
prupose to use the number of magnetic saddle pointB NSP in the
frame of a two-dimensional system (photospheric sphere) of the
considered region. Molodensky and Syrovatsky (1977) applied
successfuly the m-ithematical tool of the Poincaro index to

On leave from Central Institute of Astrophysics, Potsdam,
Sonnenobservatorium Einsteinturm, GDR
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magnetic fields. Sources and sinks of the maaretic f+e I
like zunspots cr pores have in this frame the Poincare index
of +1. But the magnetic saddle points have the index of -1. If
we suppose that the magnetic fluL- in the region considered is
balanced, and that the net 'dpole moment is non-zero than
this region is regarded as an dipole when his seen from large

-istances, when its Poincare inde- is 2. This is eouivalent to
the Theorem of Euler for the characteristic X(0) of a :::rface
Q, wiith X(QW = 2). Therefore, NN + NS - NSP = X(0), where NN
and NS are the numbers of sources/sinks, and NSP is the number
of saddle points. But the observers get in general only
information on a part of the whole magnetic field structures at
the photosphere. In order to eliminate the disbalance of
magnetic flux of opposite signs we use thz modified form of the
theorem of Euler for the case of a sphere with holes. That
means, X(Q) is reduced by the difference of the numbers -f
the observed magnetic features of opposite polarities. Hence
we get the following equation for the number of saddle points
as the empirical parameter of the complexity of the considered
active region, dependent from the observation time to, the
spatial resolution, and temporal resolution of the used
materials of observation :

NSP(to) = NN(to) + NS(to) - X(Q,to) (1)

with X(Q,to) = 2 - / NN(to) - NS(to) / (2)

The numbers of the magnetic features NN(to) and NS(to) can
be detected by means of different ways. We can use photo
heliograms of the considered active region together with maps
of the longitudinal magnetic field comgonent (Bz. or the 8z -
maps together with the maps of the signal - intensity and the
maps of the transverse magnetic field in the frame of inter
active image processing routines (see e.g. IKazmierza, l980>.
For the evaluation of the reactivity REC(to) of the interacting
resolved magnetic features of the considered active region we
introduce the following empirical equation:

REC(to) = Cqp (NSP(to)+l) ( NN(to) NS(to))/(n r(to) 2 (3

where the parameters NSP(to), NN(to), and NS(to) come from
above equations (1) and (2). The parameter r(to) is the mini-
mal distance among the magnetic features of differ'int signs at
the considered active region at the time to. The parameter Cqp
is the inverse reactivity parameter for the case of the ideal
quadrupal configuration with the value of r~to) = 1)arc sec.
The physical dominant Imicro scale' mechanisms for the
empirical parameter REC(to) may be the local electric current
loop coalescence and the local nonlinear kink instability. For
the case NSP = 0 only the second mechanism is working in the
first order.

3. EXAMPLES AND DISCUSSION

A general illustration of the idea of the parameters introduced
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above gives the Sea serpent process model for the emergence
and the disappearance of flux throuah the surface (Spruit et
al., 1987): . The parameters of complexity and reactivity are
crowing in the time where the emergence take place. After
the reconnection the values of the parameters are lower then at
the moment before the emergence took olace. The application of
the method introduced above to an analytical force-free
maonetic field model "w 1982, 1989) gives the fol aw•na
result. Using the value 2 (apparent auadrupol model) for the
parameter of complexity NSP, the reactivity parameter is
crowino with the smaller distance between the centers of the
magnetic features of opposite polarities in the considered
region, generated by the simulated crowing of the magnetic
shear. For the application of the method described above to
observation data, we have checked about 30 examples. Our
resulting material shows that the eruptive processes as
reconnection, flares and others appear to take place In the
regions of two neighbouring magnetic opposite polarities if the
distances between their centers r(t) decrease with the time t.
But we could not detect such effect if the value of r(t) is
nearly constant and greater than r(t) of the model parameter
Cqp in time or is growing with time. This result continous the
earlier results, by Martres et al. (1974). Let us now
demonstrate briefly the significant case of comparison between
two moments of the active region AR 4201 June 1983 (see
Ruzdjak et al., 1986. At June 3 in this region were some large
flares. But at the June 7 this region was without significant
eruptive effects. The NSP - parameter for the active region
June 3 is lower as for this region at June 7. But the REC -
parameter shows the inverse behavior. The distribution of the
magnetic feature for the first day was more comoact (has a
higher 'symmetry') as the distribution of the naanetic feature
for the second considered day.
Our first results show that the empirical parameters NSP(to)
and REC(to) appear to be useful for a semi ouantitative
analysis of the degree of complexity and of the reactivity of
solar active regions in the frame of spatial and temporal
resolution of the used photo heliograms and vector
magnetograms.
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THE CHARACTER OF VELOCITY FIELD DISTRIBUTION
IN THE QUIESCENT FILAMENT REGION

Ioshpa B.A.
Institute of Terrestrial HasnettsmZlonospiere and

Radio Wave Prop czrion of Academia of 5;cterces of USSR
TroL sh.Hoscow Re~ton,USSR

KogevatovI.E. and Kulikova E.H.
Radtophvs$caL lrntttute. Goreo ,US$R

Summary. The results of the investigation of the velocity field in
the photosphere under the quiescent filaments are discussed.The
measurements were carried simultaneously in two lines with the
help of the magnetograph and the integro-interference spectrometer
The method of determination the horizontal velocity structure from
the measured vertical velocities is proposed. The calculated
velocity distribution shows the rapid change of the direction of
the horizontal flows near the filament.

The investigation of velocity distribution in regions under Hct-
filaments is very important because it may give a clue to the
understanding of the processes leading to energy storage,the
character of the prominence stability and so on. Many papers were
devoted to this problem recently ( see the survey of Schmieder,
1988),but the results of different authors are controversial and
the problem is far from clearness.

here we give some results of the investigation of the
velocity fields near a quiescent filament in the photozphere
bserved dur.n.. with the magnetograph Ios•.pa, 19621) and

integro-interference spectrometer IIS(Kogevatov, 1983).Observationz
on both instruments were carried out simultaneously in two
lines:Ba II & 4554 A (magnetograph) andkFe 5576 A, g=O lIIS). We
chose for an analysis the most stable parts of the quiescent
filaments far from active regions. Simultaneously, we obtained
Ha- filtergrams using the solar light reflected from the mirror
entrance slit of the spectrograph. Besides we used Ho-fi Itergrams
obtained with the Opton Ho -filter obtained several hours before
and after the velocity observation=. During the analysis we
account for 5-min oscillations. A part of our data was analyzed
and described by Ioshpa and Kulikova, 1988,1989.

Here, we sum up the results of analysis of the data obtained in
three observational periods (September 1984; the end of August -
beginning of September 1985; August 9-14, 1985).

I The stable parts of filaments lie near the boundary between
the sinking and the rising plasma regions. These regions have
a tendency to be stretched along the filament axis. The line V=O
and the neutral magnetic line often lie very close to each other
(see fig.1).

2.The analysis of one and the same region during some days (27
Aug.-I Sept. 1985 ) has shown that several hours before the
destruction of the filament or some part of it the velocity
structure changes substantially, the velocity channels being
stretched in the direction normal to the filament axis than
parallel with it; the neighboring parts of the filament became
intersected by regions of opposite velocity di.ection. May be some
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contradiction between the results concerning -he velocity
dIstribution near the filaments can be e-xplainec i+ we assumne that
the velocity structure depends on the evolution character of
the filament analyzed, in particular, on its stability (Ioshpa
and Kulikova,1988).

3.We have m--le an attempt to use the measured distribution of
radial velocities near the center of the solar disr. to calculate
the orientation of horizontal velocities under the filaments.

The physical aspect of the pronlem is as follos. it is supposedý
that the vertical flow of matter decreases ra:icly witn the height
due to a snarp vertical density gradient.Therefcre we nave a tnin
layer with the lower boundary where the matter rises cr si--s
(sources cr drains) and the upper boundary wnere tnr vertical slow
is nearly zero. i- this layer the balance between vertical flows
is provided by nc•-izontal flows.We assume that in the whole layer
the matter density p is constant and on the height h it sharply
diminishes to zero. Of course it is a very crude idealization c.4
the real s-tuLat!on on the Sur nut it gives uz t4-_- possi=ility tc
solve a potential type problem.For a symmetrical divergent source
(in the assumption that rot V=O) we can write tre following local
relation

V Zd:: dy = 2nrh V t(anz t •nq

where h is the height of the layer.
ýt car. be shown that the integral link between the nor:zontal and
the vertical flows of matte:" may -- representea a'z ic1ow-

I ft y )cos y
Y) 27rth r d '

' ' -"I Y--': dy ,

S=arctg Y-

where Vz is the velocitl' of the vertical flows.
In fact,this is tne solution oF a Foisson type potent:al prcole-ý

ý,.tn inner sources for the velocity. The nece-=s•-/ inn:egration
region depends on the s.caie of the vela:cities under investigat"ion.
_-ha-ging the integration interval we have f.;,.-c c-,t that tre

character of flows weak-ly depi-nds on it at Ocstances 4 times as
large as the characteristic scale o4 •- vei+---- fielC under
investigation.The real value of h is not important -or our problem
if we want to know only the direction of transversal velocity.

Fig. 2 illustrates the orientation of horizontal velocities
cýAlculated using the atcve formulas fo+r tqc fii.aments near the
center of the disk: discussed in detail by Ioshpa and f<ulikova,
19e3,1989.0ne can note a sharp chnge in velocity direction as the
rilaent is crossed.The character of velocity distribution similar
to one of the shear variants discussed by Rompolt and Pcgdan,1986.
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OBSERVATION AND INTERPRi.TATION OF Ha POLARIZATION

IN SOLAR FLARES

J.C. H~noux

URA 326 - Dasop, Obsertatoire de Paris 92195 Meudon France

Summary. Impact linear polarization of the Ha chromospheric line has been observed in some flares
and reported (H~noux et al., 1990). A new observation made on July 17th 1982 is presented. The charac-
terisics of the 10 minutes time integrated polarization are similar to the characteristics of the polarization
observed in other flares, i.e. the main direction of the polarization is close to the radial direction and
the polarization degree reaches 5 % . However, in a few locations, an higher polarization fraction as high
as 15 % is observed in the one minute time integrated data. The observational method is des-ribed and
the origin of the observed polarization is discussed. Zeeman and Stark polarization are exci .'ed. Lya
resonance and X-ray irradiation could contribute. The most prohable cause is impact polarization pro-
duced by protons or neutral beams. We cannot discriminate between a local and a non-local origin of
these beams. In the assumption of a coronal orig;i., the characteristics required from these protons to
explain the observations have been derived and alrrady published. Depending on the absence or existence
of wave scattering, the minimum individual proton energy varies from 200 keV to a few MeV. Whatever the
initial distribution, transport effects in the chroniosphere generate an anisotropic velocity distribution for
protons. The predicted polarization fraction is cor.,patible with the observed 10 minutes time integrated
polarization fraction.

1. Introduction

I 1981, using the ultraviolet spectro-polarimeter on SMM, linear polarization in the inte-

grated profile of the 1437A S I line was detected during a solar flare, (H~noux et al. 1983a). At

that time we also started measurements of the linear polarization in the Ha line. The detection of
line linear polarization in three flares, in July 7th 1982, has been reported and the interpretation

of these observations has been published (Hinoux and Chambe, 1990; Henoux et al., 1990; Smith

et al., 1990). The observed polarization integrated over ' 10 minutes was close to 3 % and radial,
i.e. directed in the flare-to-disk-center directioit. In this paper a new observation is presented that

confirms the existence of a privileged radial direction of the polarization. However one minute

time integrated polarization maps show a dispersion around this direction that could be due to

deviation of the magnetic field from the vertical direction. As discussed below, the most probable

cause of the observed polarization is impact on ,he chromosphere of a proton beam or of a neutral

beam.

The instrumentation and the method used t o measure the linear polarization are described in
section 2 and some characteristics of the polarization observed in the 1982 July 17th flares are

reported. The interpretation of the available Ha polarization observations as impact polarization

resulting from the collisior-al excitation of hydrogen by protons is discussed in section 3. In this

section the required characteristics of the protons are recalled. A general discussion and a con-

clusion are given in section 4.
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2. Observations

Instrumentation and method

Observations were made with a filter tuned at the center of the Ha line. The choice of this
line made possible to use a flare patrol instrument and to benefit of the support available for flare

patrol. Moreover even if Ha may not be ultimatly the best line to study impact polarization,
its large turbulent width strongly reduces the polarization by the Zeeman and Stark effects. We
estimated (Hn6oux and Semel, 1981) that the contribution to the polarization fraction of these
two effects does not exceed 0.5 %.

The instrument used was an Ha flare patrol heliograph. The telescope was a 15 cm refractor.
The axial symmetry of the optics makes our measurements not to bp affected by mn.ti,,n~rtal

polarization. The monochromatic Lyot filter had a 0.75 A bandpass. A rotating half-wave plate
was inserted in front of the linear polarizor at the entrance of the filter. The half-wave plate was
rotated through 22'.5 per step; and one set of 16 Ha filtergrams was obtained per minute on
film. The time delay between two successive images was 2 s. The rotation of the half-wave plate
introduces a modulation of the intensity I of the radiation that has travelled through the linear

polarizor that follows it, i.e.:

j = -(I - U cos4a - Qsin4a), (1)
2

where Q and U are the linear Stokes parameters and a is the angle between the direction of
transmission of the polarizor and any axis of the half-wave plate. The Stokes parameter V is not
measured.

The two entrance and exit sides of the half-wave plate are not strictly parallel. Therefore the
wave-plate rotation introduces a motion of the image. Consequently a cross-correlation technics
have to be used to compensate for these motions. Cross-correlation was made, on digitized data,
using an area not affected by the flares. Then, by substraction of the appropriate digitized images,
the Stokes parameters were obtained. In order to reduce the effect of the temporal variation of
the flare intensity I, we used a set of three consecutive images. This gives

U2/= (-l)i[(J2i + J72 +2) - 2J2,+1], (2)

Qi= -(-1)[((, + J•,+ 2 ) - 2J,2,+ 1 , (3)

with
a , Z . (4)

where i varies from one to seven. The polarization fraction and the azimuth of the polarization

are easily derived from the Stokes parameters.
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Observation of the 17 July 1982 flares

Fig.l - Positions of the observed flares on the solar disk. The angles between
a reference axis OZ and the two flare-to-disk-center directions are shown.

The limits of the digitized image axe plotted in dashed lines.

Two chromospheric Ha flares were observed on the 17th of July 1982 at respectively 11N,
38W and 17N, 29W, with respective starting and ending times 10:25, 11:05 and 10:32, 11:02.
Intense soft X-ray emission was observed reaching 310-' and 810" Watts m- 2 in the energy
bands 1-8 A and 0.5-4 A. At the time where we write this paper we do not have any hard X-ray
data available (No hard X-ray burst is recorded on the SMM Hard X-Ray Burst Spectrometer
events list). The position on the solar disk of the two flares relatively to the disk center is shown
in Figure 1.

The Ha line appears to be linearly polarized during the flares. The time development of the
mean Ha intensity in a 60 000 x 60 000 km3 area including the flare on the western part of the
field of view is plotted in Figure 2. On this figure we have reported also the time dependence
of the relative number of pixels in the selected area with a polarization fraction higher than 2%.
This relative number varies from 10 % before the flare to nearly 50 % at maximum. Strong
fluctuations occur around a mean value that appears to be significantly corralated with the time
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evolution of the Ha brightness integrated over the area.
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Fig.2- Time dependence of the mean Ho brightness and of the relative number of pixels with
a polarization fraction higher than 2% on the western 17th July 1982 flare area.

Dashed lines are for the mean Ha intensity. Full lines are for the relative number of pixels.

An image of the spatial distribution of the polarization in amplitude and direction in the
western flare of July 17th at 10:40 near the maximum of Ha emission, is presented in Figure
3. In the brightest Ha patch the direction of the polarization is close to the flare-to-disk-center
direction. However the polarization is not restricted to the brightest regions, that are presumably
at the feet of hot loops, but is also present in cooler regions. A great variety of orientations of
the direction of polarization is seen.

Three different origins of the observed polarization are possible. They are respectively 1)
impact polarization due to particles moving, with some pitch-angle, along magnetic field loops; 2)
resonance polarization in regions surrounding a bright Lya emitting patch; 3) impact polarization
due to photoelectrons generated by soft X-ray irradiation. Linear impact polarization by particles
moving around lines of force would be parallel to the projection of the magnetic field on the solar
disk. Resonance polarization or impact polarization by photoelectrons would produce a circular

structure, that would appear elliptical in projection, and which is centered on the projection on
the solar disk of the irradiating source. The polarized electric field would be tangent to it. A
complete detailed study would require additional data, as photospheric magnetic field map, soft
X-ray and UV images, and is not possible at that time. However information on the origin of the
polarization can be obtained by considering the angular distribution of the polarization azimuth
both in the set of many one minute integrated polarization maps and in the map of the 4 to 15
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minutes integrated polarization.
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Fig.3 - Orientation of the polarized electric vector in the western Ha flare at 10:40 for polarization
fractions > 2%. One pixel of the Ha intensity image is 1 arc second. The polarization has been integrated

over 3 x 3 pixels. On the left an arrow indicatei the radial direction for the brightest Ha patch.

The Stokes parameters have been integrated around the maximum of Ha emission, i.e. from
10:38 to 10:51. Histograms of the azimuthal distribution of the fourteen minutes time integrated
polarization that exceeds 2% are shown in Figure 4. Three histograms have been made for the
full field of view and for the two separate flaring regions in this field. All three histograms are
clearly peaked. For the regions at the east and west part of the field of view, for which the
azimuth of the flare-to-disk-center direction are respectively 140 ± 2 and 280 ± 3, the maxima of
the histograms are at azimuthal angles respectively equal to 200 ± 5 and 350 ± 5. Clearly the
most frequent azimuth of the linear polarization integrated during the maximum of Ha emission
differs from the azimuth of the flare-to-disk-center direction by less than 70. Resonance polariza-
tion alone would lead to a direction of the net polarization perpendicular to the radial direction
on the solar disk. Impact polarization by photoelectrons created by XUV radiation would have
characteristics similar to resonance polarization. The radial direction of the net polarization can
be understood as due to impact polarization produced by particles spiralling around the magnetic
field lines. In each point on a Ha emitting loop the resulting direction of the polarization vector
is the projection on the solar disk of the magnetic field direction. Integration over time live a ra-
dial direction of polarization due to a dominant contribution of the vertical component of the field.
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Fig.4 - Histograms of the azimuthal distribution :f the polarization fraction, integrated from 10:38 to
10:51, that exceeds 2% in the full field of view (left) and in the two flaring regions on the west (center)

and on the east (right). The reference axis for the definition of the azimuth is defined in Figure 1.

17-07-63 lO42S O to 1I4Q - Zw.o f !M 1 17--07-241 te *to 104$59 - Zon . I

tota f .1 *•M p 4W p: atIt'.o. tw @ (X) - 0tow -0 of W-49-4975 ;M

- !F

_ 0

0 0 00 130 0 W0 too ISO

Fig.5 - Histograms of the azimuthal distribution of the one minute time integrated

polarization that exceeds 2% in the western flare area during the rise

(from 10:25 to 10:40) and after the maximum (from 10:41 to 10:59) of Ha emission.

Histograms of the azimuthal distribution ot the one minute time integrated polarization that

exceeds 2% in the western flare area during somne period of time At have also been drawn. The
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histograms that cover respectively the rise of Ila emission from 10:25 to 10:40 and the decay
phase in the western flare are shown in Figure 5. They peak at an azimuth angle of 25' = 5, to

be compared with the azimuth of the flare-to-d;sk-center direction which is equal to 280 = 3. The

peak is more pronounced during the rise of Ha emission. The position of the peak suggests that
we observe impact polarization at the feet of flaring loops where the distribution of magnetic lines

of force there is presumably more or less symmetrical around the solar vertical.

3. Polarization as diagnostic of the nature and anisotropy of particles bombarding
the solar chromosphere

Impact polarization

The radiation emitted by an atom collisionally excited by a beam of particles - electrons or ions

- may be linearly polarized (Skinner, 1926; Percival and Seaton, 1959; Kleinpoppen, 1969; Heddle.

1979). The maximum polarization fraction is observed at 90' of the direction of propagation of
the beam and is defined as

P(900 ,v) = (1ii - I±)/(I, + I_), (5)

where II and I± are the intensities of the vibrations parallel and perpendicular to the beam prop-

agation direction and v is the particle velocity.

0.40 -

0- 0"

0{
S0"20T

0*~

0 60 120 180
Electron en-oy (UV

Fig.6 - Measured and computed values of the polarization fraction at 900 (P(900, v)) of an electron beam

as a function of the energy of the electrons as pubdished by Syms et al. (1975). Plus and alternate plus

and minus signs represent respectively DWPO I1 and Born theoretical values. Circles and triangles are

experimental values (Kleinpoppen et al., 1962; Kleinpoppen and Kraiss, 1968). Squares are theoritical

values calibrated with measured integrated cross sections (Mahan, 1974).

For a dipolar transition the angular dependence of the polarization fraction is given by

P(13, v) = P(90',v)sin2 /3/(1 - P(900 ,v)cos 2 /3), (6)
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where 3 is the angle between the line of sight and the particles beam travel direction. The Figure
6 shows computed and observed vaiues of P(90', v) for the Ho line collisionally excited by a mo-
noenergetic electron beam (Syms et al., 1975). Notice the change of the sign of the polarization
fraction for increasing energy. The energy dependence of the polarization fraction for proton
excitation is similar to the one corresponding to excitation by electrons but is not yet accuratly
known. At high energy the polarization fraction computed in the Born approxination is indepen-
dent of the particle mass and depends only of its velocity (Scharmann and Schartner, 1969). The
amplitude of the polarization fraction at threshold is maximum (100%) for a singlet transition
between a ground state 'S and an excited state 1P. Fine and hyperfine structure splitting reduce
the polarization of the emitted radiation.

Nature and origin of the bombarding particles in the Sun

Polarization observations alone do not give information on the nature of the particles that
produce the observed polarization. These particles could be either deca eV electrons or deca eV
to deca keV protons.

Our first interpretation of Ha and S 1 1437 A line polarization was excitation by deca eV
electrons associated with a significant heat flux at the base of the transition zone (H1noux et
al., 1983b). An analytical ad-hoc representation of the velocity distribution function was used.
A more exact traitement would require to solve the Fokker-Plank equation for low energy elec-
trons. As a matter of fact at chromospheric densities deca eV electrons are quickly scattered by
Coulomb collisions. That presumably excludes any significant anisotropy of the velocity distribu-
tion of low energy electrons formed higher in theo atmosphere. However deca eV electrons, either
accelerated locally or forming together with protons a neutral beam, could have an anisotropic
velocity distribution in the chromosphere leading to polarized line emission. Contrary to elec-
trons, heavy protons keep a more or less straight line path while loosing energy. Low energy
protons are less affected by Coulomb scattering and are therefore better candidates to explain
the observed polarization, even if originating in the corona. Protons of a few hundred keV,
accelerated there, reach the chromosphere with a much smaller energy and still have kept their
directivity. Indeed protons accelerated locally could also have an anisotropic velocity distribution.

Anisotropy diagnostic

On the sun, energetic particles bombarding the solar atmosphere have a velocity distribution
function f(v,a), with a pitch angle a, that we can assume to be symmetrical aroui'.d ,. uni-
form magnetic fiAd direction. Expressing the particle velocity distribution function as a sum of
Legendre polynomials,

f(v, a) = a(v)P(cosa),(7)

and defining an anisotropy factor b(v) as a2(v)/5ao(v), we obtained (H~noux et Chambe, 1990;
Hinoux et al.,1990) the following expression for the maximum polarization that could be observed
at 900 to the solar vertical

"P(900 ) - P(901, v)b(v)Jovo(v)dvl/[ Jova(v)dv]. (8)
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Here o( v) is the excitation cross-section, vu is the particle velocity at threshold and

J0 = f(v.a )sinada. !9)

In practice the main con. -,ution to the line intensity and polarization comes from the particles
at velocity close t. the threshold velocity v0. Therefore the equation (8) can be rewritten as

7P(900 ) •- 6( 'o)P(900 , vo). (10)

For a dieolar transition

P(6) = P(900 ) sin' 0/(1 -_ (900 ) coS ), (11)

where 9 is the angle between the line of sight and the magnetic field direction. For a vertical
magnetic field 8 is the heliocentric angle. Consequently the anisotropy factor b(rt'0 ) can be derived
from the measurement of the linear polarization fraction once we know P(900, 1,0 ).

Energy and anisotropy requirements for protons beams.

In the assumption that the protons are accelerated higher in the atmosphere, transport effects
have to be taken into account in order to derive the minimum individual proton energy and the
minimum proton energy flux. The proton energy is affected mainly by Coulomb collisions and
the proton pitch angle can be modified in scattering by waves.

The effect of Coulomb collisions alone was computed in Hinoux et al. (1990). The minimum
individual energy E. required from a proton to reach the Ha forming layers depends on the coro-
nal temperature and column density. For temperatures higher than 10' K and a coronal column
density Nc = 1.5 10 20cM-r, Ep has to be higher than about 160 keV. The tmiinimum energy flux
was found by equating the collisional excitation rate of hydrogen level 3 by the proton beam to
the thermal excitation rate by background electrons. At the preceeding coronal temperature and

column density the minimum flux is equal to 3.!0' ergs cm- 2 above 160 keV.

If Alfv~n or magnetoacoustic waves are generated, they could scatter the beam and increase
the energy requirements by increasing significantly the particle path. Wave generation depends
on the ratio of the beam to background electron number density, on the ratio of proton velocity
to Alfvin velocity and on the anisotropy of the proton velocity distribution function. No self-
consistent computation of the interaction between protons and waves does exist. In the limit
of strong scattering, Smith et al. (1990) have computed the required proton energy and proton
flux. In a loop of length 10' cm, the diffusive propagation increases the particle path by a factor
hundred and much higher energy protons (2-20 MeV) are required to explain Ha polarization.

By transport effects, the anisotropy of the proton velocity distribution function may vary from
the corona to the chromosphere. Even if at the top of the transition region the proton velocity
distribution is isotropic, atmospheric stratification would make this distribution anisotropic in the
Ha forming layers. Because protons arriving ii, the chromosphere with a higher inclination on the
solar vertical suffer more collisions than protons travelling vertically, the final velocity distribu-
tion function in the chromophere would be anisotropic with a maximum in the vertical direction.
The resulting anisotropy factor would give informations on the power index b of the distribution
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with energy of the proton flux (D E-'). The higher the slope of the distribution, tile higher the
anisotropy factor would be. As computed in Henoux et al. (1990), b(r0 ) = (6 - I ),i' - 7). For
6 = 4 the anisotropy factor b(c'o) = 0.45. Consequently the polarization fraction would be as
high as _- 11% for a limb flare and close to 5% for a flare at heliocentric angle 40'. The observed
polarization fraction depends on the integration time. The polarization fractions resulting from
an integration over more than four minutes are lower than this value. However the maximum for
a one minute integrated observation reaches 15% in a few pixels in the July 17th 1982 western
flare. Such a high value is not in contradiction with the hypothesis of impact polarization as
long as it does not exceed the polarization fraction observable at 90' from a proton beam travel
direction ( P(90', vth) ), which is in the 20 to 30 % range.

4. Concluding Remarks

On a pure observational basis, we rule out Zeeman effect as the origin of the observed polar-
ization because of the temporal association between the mean Ha brightness and the number of
polarized pixels during the flare. Moreover no systematic steady polarization is observed above
sunspots penumbrae. Estimation of the net polarization produced by Stark effect leads to values
that are much lower than the observed ones. If, in some limited area, the possibility to detect
resonance polarization or polarization resulting from X-ray irradiation is not completly ruled out.
but we do not have yet any evidence for it. The most probable cause of the observed polarization
is still proton impact on neutral hydrogen in loops, with a dominant effect at their feet. Indeed
a neutral beam carrying protons and electrons with equal velocities would be even more efficient.
The main argument in favor of protons comes from the possibility of generating a significant
anisotropy in the proton velocity distribution in dense loops.

The new polarization observations in the July 17th 1982 flares presented this paper confirms
the existence of a privileged radial direction of the polarization. The angular distribution of the
polarization azimuth both for one minute and for about ten minutes time integrated data show
a peak within 5 to 10 degres of the radial direction. The width of the peak in the one minute
integrated data is smaller during the rise of Ha emission that during the decay phase. The most
pronounced peak is obtained around Ha maximum emission in the fourteen minutes time inte-
grated data. However one minute time integrated polarization maps show a greater dispersion
around this direction. The observed dispersion could be due to deviation from the vertical of the
magnetic field direction.

A detailed study of all one minute time integrated polarization maps have to be done to un-
derstand 1) the strong variation within 2 to 3 minutes time of the number of pixels that exhibit
polarization ( see Figure 2); 2) the loop shaped structures observed in various maps. The picture
of chromospheric bombardment by protons works well for bright Ha patches but polarization is
not limitated to the brightest Ha regions and a plane parallel atmospheric model is not sufficient.
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Discussion

J. Jefferies: One of the values of Lya was the simple structure of the 2 levels - this is not so for Ha,
and I wonder whether you have looked for other strong solar lines with simple level structure (and higher
maximum polarization) as candidates for observing. I think e.g. of NaDj, or NaD 2 , or perhaps some Ca
or Mg lines.

J.C. Henoux: I agree that the Ha line is presumably not the best line to measure impact polarization. One
reason to choose this line was that we could share a flare patrol instrument. We will have soon a dedicated
polarinieter. That will allow us to use other lines like the NaD, or NaD2 lines (as you suggested) or some
He line present mainly during solar flares.
On the other hand we would like also to make observations in the red wing of the Ha line in order to look
for polarization due to charge exchange, which could also be present, as Dr. Zirker pointed out.
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Summary. NOAA Active region 5747, during its October 1989 transit across the solar disk, showed highly
nonpotential photospheric vector magnetic field structure and produced many solar flares, three of which we
observed at Mees Solar Observatory. We invert our Haleakala Stokes Polarimeter data with the Lites and
Skumanich (1987) code; both adequate spectral sampling and correction for unresolved magnetic structures are
essential to the subsequent analysis. After resolution of the 1800 ambiguity, we determine the photospheric
distribution of the vertical current density. We apply a novel test to see whether the magnetic fields in the
corona above this region are force free; we find that the observed fields and currents depart from a force-free
relationship by amounts significantly exceeding statistical fluctuations or the total flux imbalance, We compare
the locations of the major current systems to sites of nonthermal electron precipitation inferred from Ha
profiles of three flares observed using the Mees CCD Imaging Spectrograph. We find that the sites of ener-
getic electron precipitation are at the edges of these currents, not at their peaks.

1. Introduction

Early work in the Soviet Union (see, e.g., Moreton and Sevemy 1968) and recent work in the United States
and Canada (see, e.g., Lin and Gaizauskas 1987, Hagyard 1988) shows that there exists a close morphological
relationship between vertical electrical currents in the photosphere (inferred from vector magnetograms) and
solar flares seen in Ha. However, the relationship of these currents to heating and particle acceleration in
flares is documented in only a very ambiguous manner. Among the questions of present interest are the two
that are addressed (for a single active region) in this paper, viz.: (1) are the observed currents and fields that
are related to the flare process force free; (2) what is the morphology of nonthermal electron acceleration (and,
therefore, precipitation)? The study of currents and flares is a major topic in solar physics, and has too long a
history to summarize in these proceedings. Practical considerations force us to limit ourselves to a summary of
just a few aspects of the active region of interest; more complete analyses will be published at a later time.
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2. Observations

NOAA active region 5747 was observed at the Mees Solar Observatory of the University of Hawaii and the
Big Bear Solar Observatory of the California Institute of Technology.

Using the Haleakala Stokes Polarimeter at Mees Solar Observatory (Mickey, 1975), we sampled Stokes I, Q,
U, and V profiles of the Fe I X6302.5 line and nearby lines and continuum with 128 spectral channels, each
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Fig. I - Scatter-plot comparison of inferred parameters of the average magnetic field (KiloGauss) for the MSO
magnetogram of October 20, for the RMO method (Integral method) and the LS method (Variable filling fac-
tor). The quantities plotted are those of the inferred average field for each pixel, i.e. ( I -f ) B. All pixels in
the October 20 polarimeter scan whose observed polarization was greater than 1% were inverted using the LS
code and included in the figure.
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having a width -25 mA, while scanning a 6" aperture in a 30 x 30 spatial raster with a 5.6" sampling interval.
These data form the basis for daily vector magnetograms for each of the five days from 18 through 22 October
1989. Using the Mees CCD Imaging Spectrograph (MCCD; Penn et al. 1990) we observed the I profiles of
the Ha line with 50 spectral channels, each 380 mA in width, and 90 spectroheliograrn pixels, each 2.4" on a
side. The solar image was scanned to generate 90 x 90 pixel spectroheliograms with a temporal sampling inter-
val of approximately 10 seconds. Four-dimensional MCCD datasets were obtained throughout three flares:
IN/C5 at 2134UT October 20; SN/C5 at 2005UT October 21; 2B/X3 at 1805UT October 22 1989. The latter
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Fig. 2 - Comparison of inferred parameters of the average magnetic field for the MSO magnetogram of Oc-
tober 20, with and without correction for filamentary magnetic fields. The quantities plotted are for the in-

ferred average field for each pixel, i.e. ( I -f ) B. Only pixels whose observed polarization is greater than 1%
were inverted using the LS code. "Variable filling factor" means f is a least-squares determined parameter of
the LS inversion; "Unity filling factor" means that the LS fit is constrained by the assumption f = 0.
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flare occurred in a region in which a much larger flare had taken place shortly before.

From Big Bear Solar Observatory we have three days of high-resolution Ha movies (18 - 20 October 1989),
including both line center images and X. scans. As well, we have Stokes V magnetograms in .6103 for these
same three days from the Video Magnetograph (Zirin, 1985).

In this brief paper we have enough space to show only one day's magnetogram and a related flare; we have
chosen October 20, for which the data are representative.

3. Magnetogram Inversion Procedure

For our inversion of the observed Stokes profiles of X.6302.5 we used the nonlinear least-squares code of Lites
and Skumanich (1987, hereafter LS), which fits analytical (Unno/Rachkovsky) LTE Stokes profiles to the
Haleakala Stokes Polarimeter data, taking into account all major magneto-optic effects. We did not use both
X6302.5 and X6301.5, although both profiles are included in the observations. The best-fit parameters of t-e
theoretical profiles determined in a least-squares sense by the LS code include the line center wavelength X0 ,
the Doppler width A XD, the Voigt wing damping constant a, the ratio of line to continuum opacity T10, the
gradient of source function B1 , the strength of the magnetic field B, the inclination of the magnetic field W/,
the azimuth of the magnetic field X, the fraction of unpolarized light f, and the wavelength offset of unpolar-
ized light XQS"

For the inference of magnetic field parameters, an essential feature of any inversion of polarimetric measure-
ments is that it does not have problems (such as signal saturation at high magnetic field strengths) that are
avoidable with adequate spectral sampling of the Stokes profiles. The simple inversion method (Ronan,
Mickey, and Orrall 1987, hereafter RMO) that we routinely use for quick-look magnetograms (because it is
fast) integrates over the line profile, effectively throwing away all spectroscopic information; its inversion is
based on the weak field approximation. It is known that this approximation breaks down for kiloGauss fields,
for Fe I X6302.5. This effect can been seen in Figure 1, in which we compare the parameters of average field
per pixel, i.e. (I-f) B, inferred by the RM J method to those inferred using the most sophisticated inversion
method available to us, i.e. the LS code with variable magnetic filling factor (1 -f ). Note that the R.MO
method does not include the scattered light fraction as a variable of the analysis; it assumes f = 0. Clear evi-
dence of magnetic signal saturation in the RMO method can be seen in BLOS and BTRAN.

Another important aspect of any inversion scheme is its ability to account for unresolved magnetic fine struc-
ture. In Figure 2 we compare inversions with magnetic filling factor fixed at unity (i.e., f = 0) and variable
(determined by the LS code). As in Figure 1, the quantity plotted is the inferred average field per pixel, i.e.
(I -f ) B, for the indicated components of B. Stenflo (1971) showed that in the presence of filamentary fields
one should expect to get the correct average value of BLOS but to overestimate the average value of BTRAN
by a factor of order <l-f>-1/ 2 . Figure 2 shows departures that imply (I-f) values in the range 0.1 - 1,
but further analysis (not given here) shows that this simple explanation does not fully account for the effect.

4. Resolving the 1800 Ambiguity and Vertical Currents

We followed a multi-step procedure in which our first approximation was to adopt the choice of directions
closest to that of the potential field fitted to the line of sight component of the observed magnetic field
(Sakurai, Makita and Shibasaki, 1985). This works well at most points but it fails in the most interesting
regions. In strongly non-potential regions (e.g. departures of more than 450 from the azimuth of the potential
field) we took into account the requirement of continuous change of direction between adjacent pixels (Aly,
1989). If ambiguity still existed we chose the direction that minimized the amplitude and small-scale variation
of the vertical current density implied by V xB. As well, we chose the direction that minimized vertical
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Fig. 3 -Ambiguity-resolved vector magnetogram October 20, 1989. scanned from 17:41 to 18:33 U.T.,
transformed from image plane to heliographic coordinates. The gray-scale image shows the sunspot structure
of the active region seen in the continuum near the X 6302.5 line. The contours indicate the vertical magnetic
field distribution averaged over each pixel, ( I-f ) B cosi W. Radial field contours are shown at 25, 50, 100,
200, 400, 800, 1600, and 3200 Gauss levels (dashed contours indicate negative fields). The arrows show the
strength and direction of the transverse field; a length equal to the sampling interval indicates a field of
strength -700 Gauss. Solar North is up, East to the left.

currents in regions of horizontal fields (e.g. inversion lines in the line of sight field). Finally, we used the Hct
fibrils and filaments shown in the BBSO movies to establish the large-scale connectivity.

Figure 3 shows an ambiguity-resolved vector magnetogram transformed from the original image plane (the
region was at solar longitude -5 W and latitude -25 S) to heliographic coordinates. The vector mnagnetogramn
is derived from a Stokes polanimeter scan of NOAA AR 5747 made from 17:41 to 18:33 UT on October 20.
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Figure 4 shows the corresponding map of vertical current density derived from V x B for the magnetogramshown in Figure 3. Although it is impossible to be certain that the magnetic field directions chosen are correct
at all points, we find that such vertical currents inferred from V x B cannot be made to disappear by different
choices of resolution of the 1800 ambiguity. The amplitude of the uncertainty in the location of these currents

Fig. 4 - Vertical current density map (grey scale), vertical magnetic field (contours), and Ha blue-wing
difference spectroheliogram (also grey scale), in heliographic coordinates. The vertical-field contours and
orientation are the same as Figure 3. The co-registered and superimposed Ha blue-wing difference spec-
troheliogram shows the flare of 2134 UT October 20 about 3 minutes before Ha flare maximum. One can
easily distinguish between the co-registered current density map and the blue-wing difference spectroheliogram,
even though both are shown by grey-scale images. The only feature in the difference spectroheliogram is the
brightening indicated by the arrow, located on the inversion line, which identifies the site of strong nonthermal
electron precipitation.
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is about ± 5", which is sufficiently small that it has no effect on our conclusions below.

Making the assumption that the currents close within the magnetogram (which is justified at the -1% uncer-
tainty level), it is clear that two strong currents flow, which we will call the eastern and western currents. The
eastern current spans the most highly non-potential section of the polarity inversion line; its southern intersec-
tion with the photosphere is very close to that of the western current. Each current carries about 3-4 x 1012
Amp.

5. A Necessary Condition for Force-Free Fields

It is interesting to investigate the extent to which the magnetic fields shown in Figure 3 are force free. Clearly
the photospheric magnetic field of active regions is generally not force free, even on easily observed scales.
horizontal currents must circulate around sunspots to confine the magnetic flux within them. However, we are
not concerned with these static, purely horizontal, current systems, but only with those currents which flow
through the corona, in response to stresses between photospheric footpoints. One might think of estimating the
Maxwell stresses integrated over the active region (see, e.g., Low, 1985). However, this requires observations
of the whole active region, and we know from comparison of the MSO vector magnetogram to the
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Fig. 5 - The flux integral )da'0(a') for regions of positive (solid) and negative (dotted) vertical magnetic

field, as a function of a = J7z Bz.
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simultaneous BBSO video magnetograms that some small, but not negligible, part of this active region falls
outside the range of the Stokes Polarimeter scan on which the vector magnetogramn is based. It is therefore not
surprising that, as we shall show below, the total flux imbalance in the vector magnetogram is observed to be
-2%. Since such flux imbalance makes it impossible to meaningfully consider the integrated Maxwell stresses,
we have developed a new test for force-free fields that emphasizes observationally significant vertical currents.

This suggests that one should examine the distribution of vertical current density. Figure 4 shows Iz (grey
scale) and Bz (contours). These two quantities allow us to compute for each pixel the value of the magnetic
flux (D and a a Jz/Bz. If the current is force free, i.e. all currents flow parallel to the magnetic field, then a
must be conserved along all field lines. Except for the effects of imperfect observations, the same amount of
magnetic flux of each polarity should be observed in any chosen increment of ot. This is more stringent than
the integral test of the Maxwell stresses and may be more useful because of its more local nature.

We want to determine the distribution function 0(a) for positive and negative fields for all pixels of Figure 3,
but we want to avoid the problems associated with binning in a. We have therefore plotted the flux integral

d a'b (a') separately for positive and negative magnetic fields. Figure 5 shows the distribution for regions
of positive magnetic polarity as a solid curve, and for negative regions, as a dashed curve. The difference
between these two curves at the right margin of this figure is a measure of the flux imbalance in this magneto-
gram, which is -2%; currents balance to better than -1%. Clearly the positive and negative distributions differ
by more than both statistical fluctuations and the total flux imbalance at many values of a, leading us to the
conclusion that the coronal magnetic fields above this active region are not force free.

6. Co-Registration of Magnetograms and Spectroheliograms

Both the Stokes Polarimeter and the MCCD Imaging Spectrograph record a range of wavelengths that extends
to the continuum; from the Polarimeter scan we make a Stokes-I map in the continuum near X6302.5; from the
MCCD datacube we make a spectroheliogram in the continuum near Ha. These images contain many sunspot
features that we can use to co-register these two images in a least-squares best-fit sense. The residuals of the
fit indicate that the co-registration of each individual spectroheliogram with the vector magnetogram is good to
better than 2.9".

7. Flare Nonthermal Electron Precipitation Sites

Sites of nonthermal electron precipitation into the chromosphere can be identified unambiguously only by using
a combination of blue-wing spectroheliograrns and line profiles. Canfield, Gunkler, and Ricchiazzi (1984) have
theoretically modeled the formation of the Ha line in static atmospheres heated by nonthermal electrons, sub-
ject to varying levels of pressure and thermal conduction from the overlying corona. They showed that the
only signature of strong nonthermal electron heating that allows one to rule out thermal conduction or high
coronal pressure as a factor in line broadening is the combination of broad bright wings and central reversal.
We used blue-wing difference spectroheliograms to locate sites of broad bright wings; we found that spec-
troheliograms made by differencing continuum (5 A) and wing (2.5 A) spectroheliograms were optimally sen-
sitive (see Figure 6). Once we located the initial flare brightening in such blue-wing difference spec-
troheliograms we inspected the Ha profiles at such points for evidence of self-reversal. Figure 6 shows the
Ha spectrum of a pixel that combines both broad bright wings and an obvious central reversal, allowing us to
rule out both thermal conduction and high coronal pressure (P - 103 dyne cm-2) as causal mechanisms.

In all three flares we found evidence for particie precipitation very early in the events. Precipitation sites were
located along the vertical-field inversion line where strong observed shear and large field strength obtained
along a considerable length of the inversion line, in agreement with the criteria for flare occurrence established
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Fig. 6 - The observed spectrum of a pixel in the region indicated by the arrow in Figure 4 that shows the spec-
tral signature associated with nonthermal electron precipitation into the chromosphere. The abscissa indicates
the index number of the spectral channels, each 380 mA in width (blue to the right). The difference spec-
troheliograms (such as Figure 4) were made from spectroheliograms at A X = 2.5 and 5idthe spectral channels
indicated.

by the group at MSFC (Moore et al., 1987). This is confirmation of the applicability of their result, since the
particle precipitation site is obviously part of the Hot flare as a whole. Interestingly, to within the resolution
afforded by the 2.2" pixels of the MCCD Imaging Spectrograph observations, only a single precipitation site
was found.

It appears to us that a physically-motivated relationship that we should examine is that between the nonthermal
electron precipitation sites and the current system of the active region. It is interesting that, in all three
observed flares, the precipitation sites were at the edges of the major vertical currents, not in their centers, sug-
gesting that acceleration occurs at sites of interaction, not interruption, of the major currents. Figure 4 shows
the result for the flare of October 20th. In this event the precipitation site is not only at the edges of the major
vertical currents, it is between them. The former is a common property of all three events; the latter is not.

The two major vertical current systems (the eastern and western currents identified above) existed on all five
days for which we have vector magnetograms. Furthermore, the two currents were very close to one another
at their southern intersection with the photosphere. This, in combination with the result that the electrons pre-
cipitate at the edges of the currents and not their centers, suggests that the electrons might have been
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accelerated at a region of interaction of these two currents.

The work in Hawaii has been supported by NASA grants NAGW 864 and 1542, Lockheed Solar-A subcon-
tract SE80D7850R, and NSF grants AST-8900716 and ATM8822366. The National Center for Atmospheric
Research is sponsored by the National Science Foundation. The work at Caltech has been supported by NASA
grant NAGW- 1972.

References

AMy, JJ. 1989, Solar Phys., 120, 19.
Canfield, R.C., Gunkler, T.A., and Ricchiazzi, P.J. 1984, Ap.J., 282, 296.
Hagyard, M.J. 1988, Solar Phys., 115, 1.
Lites, B.W., and Skumanich, A. 1987, Ap. J., 322, 473. (LS)
Lin, Y., and Gaizauskas, V. 1987, Solar Phys., 109, 81.
Low, B.C. 1985, in Measurements of Solar Vector Magnetic Fields, ed. M.J. Hagyard, NASA CP2374
(NASA: Scientific and Technical Information Branch, 49.
Mickey, D.L. 1975, Solar Physics, 97, 223.
Moore, R.L., Hagyard, MJ., and Davis, J.M. 1987, Solar Phys., 113, 347.
Ronan, R.S., Mickey, D.L., and Orrall, F.Q. 19871 Solar Phys., 113, 353. (RMO)
Penn, M.J., Mickey, D.L., Canfield, R.C., and LaBonte, B.J. 1990, in preparation.
Sakurai, T., Makita, M. and Shibasaki, K. 1985, in Theoretical Problems in High-Resolution Solar Physics,
MPA 212, 313.
Stenflo, J. 1971, in Solar Magnetic Fields, L.A.U symposium No. 43, ed. R. Howard, (Dordrecht: D. Reidel),
101.
Zirin, H. 1985, Ap. J., 291, 858.



306 R. C. Canfield et al.

Discussion

A. Skumanich: It may be a matter of similar scales and similar azimuthal fields that explains the fact that
Lites and I have observed similar teraamp currents in one particular sunspot (September 1980). The energy
in the field due to these currents were a small perturbation on the basic poloidal sunspot field.

J.C. Henoux: What is the mean current density in the currents system?

R. Canfield: If we concentrate our attention on the two major currents, then (at our - 6" X 6" spatial
resolution) the mean current density is - 5 - 10 mA/m 2 .

M. Semel: If the integral method were so bad, one should be able to show it by applying the method to
Stokes profiles obtained through the Unno equations.

J. Stenflo: In the Gold-Hoyle flare model that you favored there are two parallel current loops, and tile
flare occurs through reconnection between the loops. The presence of such a current morphology was not
obvious to me from your current and flare maps.

R. Canfield: The current map shows two major regions of upward currents and only one major region of
downward currents, lending credence to our interacting-loop suggestion. The Gold-Hoyle model is favored
only in a very narrow (geometric) sense, i.e. it invokes interacting current-carrying loops.

A. Gary: How many pixel points were used in calculating J,? How persistent were the J, contours from
day to day? If the J, contours were constant over several days in which flares occurred, does this mean the
reconnection in flare activity may not be as important as previously believed?

R. Canfield: J, was calculated using the four points forming a square surrounding the pixel of interest
The day to day change of J, was sufficiently large that it is not possible to reach such a strong conclusion
regarding reconnection,

A. Gary: How are the currents calculated?

R. Canfield: In the maps showing vertical currents and corresponding magnetic fields the valuos of the
currents were calculated at all points where four pixel corners come together, using the values of the transverse
field in only those four pixels to compute V x B. In the overlays of the current maps on the blue-wing
Hoa images, interpolation has to be done in order to co-register them. This interpolation introduces some
additional smoothing in the current maps co-registered with the Ha data that is not present in the original
maps.
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VELOCITY GRADIENTS ACROSS A FLARING NEUTRAL LINE
FROM STOKES II MEASUREMENTS

A. SKUMANICH and B. LITES

High Altitude Observatory
National Center for Atmospheric Research*

P.O. Box 3000
Boulder, Colorado, USA

SUMMARY
The pattern of profile reversals formed due to incomplete cancellation of the Stokes net circular

polarization parameter, V, when the resolution element contains the magnetic neutral line (in the ob-
server's frame) represents a sensitive diagnostic of the line-of-sight velocity difference between the opposite
polarity regions. Typical V profile patterns found in such circumstances with the HAO/SPO Stokes II
polarimeter are illustrated. Resulting velocity differences are estimated both by analytic decomposition of
a specific neutral line profile and by composition of profiles from elements on opposite sides of the neutral
line. Pre- and post-flare Stokes 1I observations of Hale Active Region #16604 are under such analysis.
Preliminary results show that just before the flare the neutral line had a large scale "rotation" with east
and west end segments moving oppositely towards the nearest neighboring spots. The relationship of this
flow to the flare and its status after the flare is under study.

I. INTRODUCTION

I think we all agree that there is a continuing need to quantify the state of vector fields along
a magnetic neutral line and to determine what changes occur after a two-ribbon flare. Of equal
interest is the nature of the pre-fiare velocity field associated with the neutral line and its role in
stressing the field and/or participating in the initiation of the flare.

.tokes II profiles obtained over a region containing a flaring neutral line allow one to address
just these issues. We consider in this report a description and preliminary analysis for Stokes
profiles observed just before a flare.

II. OBSERVATIONS

Hale active region #16604 (NOAA 2247), which had frequent weak Ha flares, experienced
a two-ribbon flare accompanied by a class C X-ray event with peak emission at :-18:40 UT on
1990 January 23. This flare occurred after the 2nd and before the 3rd raster of the flaring site of
a 5-raster Stokes profile sequence of this region. A raster consisted of 20 x 20 positions in right
ascension and declination respectively (62 Mm (EW) x 68 Mm (NS) on the Sun) at 5" intervals
and had an integration aperture of 1"2 x 6"and an integration time of 3 sec. It was executed
in flyback mode and was completed in 45 min. Stokes profiles of the A630.25 nm Fe I line were
obtained with a spectral purity of -1 pm and 10-3 - 10-4 polarimetric noise, refer Bauer et al.
(1981) for more detail.

Figure 1 presents a "circular" polarization map observed just before the flare for #16604
which was centered at 16* S latitude and 100 W of central meridian (heliocentric). Represented
in gray scale is the mean one-sided wavelength integral of the Stokes V/Ic parameter, i.e., the
average of the absolute values of the one-sided integrals from line center to blue and red wings with
the sign of the blue extremum in V being assigned to this average. ri his quantity is approximately
proportional to the line-of-sight field (which is inclined = 150 to the solar normal). White polarity

*The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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is a positive average or outward field and bi.ck, negative. White lines indicate neutral or polarity
reversal lines. The first raster point, RP 1, is at the top north-west corner (row 1, column 20), RP
20 is at the top north-east corner (1,1), and the last, RP 400, at the south-east corner (20,1). The
flare occurred at the lower E-W neutral line from 2_ RP 234 at (11,7) to at RP 301 at (15,20). Note
that heliocentric North is at position angle P = -80 (i.e., NNW). A white-light (E-W reversed)
image of this region is illustrated by Bauer et al. (1981).

Fig. 1. A "circular" polarization map of Hale #16604 centered on 16*S and 100 W. White is a positive or
outward line-of-sight field and black is negative. A '+' spot appears in the center and a '-' spot at the SW corner.
The flare occurred along the southern neutral line. Geocentric directions are indicated.
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III. STOKES PROFILES

An examination of the Stokes profiles for positions about the neutral line indicat'#d that
the V profiles were "disturbed" and showed multiple reversals rather than the canonical single
reversal given (approximately) by the intensity derivative of a symmetric absorption line. This
is illustrated by the V profile in Figure 2 (lower right panel) for RP 251 at (12,10). a point in
the neutral line just above the '+' polarity island in the lower central part of Figure 1. The
dots represent the data while the solid curve represents a reference profile obtained by an Unrio-

Rachkovsky fit, by least squares, refer Skumanich and Lites (1987), to the (I, Q. U) parameters

with a fixed estimate for the field inclination to the line of sight, viz. 75'. Only the large-size dots

were used in the fit. The transverse field, which is insensitive to the assumed inclination, implied

by the fit is Bf = 1050 G and has a position angle of 278°. We note that the (Q, U) parameters are

referred to a coordinate frame with the positive X axis (in the plane of the skyN along terr'strial
XV (negative right ascension) and positive Y axis along terrestrial N, i.e, polarization (arid field

position angles are measured counterclockwise from West (00) to North (90').
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Fig. 2. Stokes parameters for the Fe I \630.25 nm line at RP 251. The feature at pixel _ -0.02 nm is an
instrumental spike. Solid line is an analytic fit with fixed inclination.
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As this conference is also devoted to instrumental issues we would like to comment briefly
about calibration difficulties. In spite of the care involved, the Stokes II instrument response (or
calibration) matrix X, for each raster was found to contain errors. X is such that if s5 d, is the
instrumental Stokes vector and s is the physical vector entering the polarimeter. then Sd, = Xs
(refer Tomczyk, Stoltz, and Seagraves (1991) in these proceedings).

The displaced dashed polarization curves in Figure 3 represent the Stokes profiles for RP 231
that result from the use of the measured response matrix. They indicate a polarization not only

in the continuum but also in the two telluric lines, i.e., they indicate I -- (Q, U, V) crosstalk.

This results from errors in the first column, Xj 1 , of the response matrix. Removing this error
after the fact one finds the solid curves in Figure 3. The second set of dashed curves are the
initial polarization profiles but shifted by a constant amount for a more direct visualization of
the corrections in shape. In addition, a 10% V -, U crosstalk, i.e., an error in the X 34 term was
also discovered. This term is a difficult element to determine (Murphy and Skumanich 1991: refer
also to Lites et al. 1991, in these proceedings).
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Fig. 3. The solid curves give the corrected Stokes profiles for RP 251 while the displaced dashed curves are the
uncorrected profiles which show the effect of errors in the polarimeter response (calibration) matrix.
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Two additional "disturbed" profiles typical of the west end of the neutral line are shown in
Figure 4. In the case of the left group of four panels, RP 282 at (14,19), the reference fit yielded
a transverse field Bt = 390 G with a position angle of 345*. The V profile appears to have a
central reversal due to the negative polarity component that might be erroneously classified as a
magneto-optic effect albeit exaggerated. In the case of the right four panels, RP 286 at (14,15), the
reference fit yields Bt = 620 G with position angle of 333a. Here the negative polarity component
produces a distinct asymmetric effect.

IV. VELOCITY COMPOSITION OF RP 251

Using the transverse fit values as a guide and taking typical thermodynamic values for active
regions as observed by Lites and Skumanich (1990), we determine by trial and error a two-
component field vector that approximates the RP 251 data. Such a decomposition is given in
Table I. The composite profile is compared to the data in the left four panels of Figure 5 The
position angle of the transverse field was held at 278". The Q, U parameters in Figure 5 are
described in the canonical frame whose X-axis is along this fixed azimuth. The right side of
Figure 5 shows the effect of changing the inclination of the negative field (vf- component) to
1150.

Table I: Decomposition of RP 251

Field Line Thermodynamics*
Component B INCL (4') Center fpBl fB0  r/0 a AAD

G (pix) (mA)
V+ 1400 750 74 .25 .14 5 0.1 45

b- 1000 1050 70 .30 .17 5 0.3 45

*These parameters are as normally defined (refer Skumanich and Lites 1987).

These results show that the Vý- component is blue shifted relative to the I$ component
by 4 pixels or 2 km/sec. With the inclinations to the line of sight given in Table I, one finds
that a field aligned flow towards the '+' spot of = 4 km/s results in both components if one
presumes it lies close to the plane passing through the center of the disk. If the flow is that of the
V- component alone then it is along the photosphere and towards the '+' spot at 2-- 8 km/sec.
Our decomposition is tentative and a more careful analysis is needed to determine the correct
interpretation.

V. "DISTURBED" PROFILE GALLERY

A useful exercise that allows one to classify the types of disturbed profiles is to construct a
gallery of composite profiles by superposing two V profiles from opposite sides of our neutral line
with different fill factors and relative velocity shifts. We consider the two points, RP 266 (V,+)
at (13,15) and RP 306 (Vý-) at (15,15), which are neightbors of RP 286, which was illustrated
in Figure 4. Their Stokes parameters are illustrated in Figure 6. In the case of RP 266 the least
squares fit to all four Stokes parameters yields a transverse field of 720 G with position angle
3340. For RP 306 one finds 220 G at 3390. The field inclinations are 790 for RP 266 and 1280 for
RP 306. One also finds that RP 306 is redshifted by 0.3 pixels (0.15 km/s) relative to RP 266.
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We now construct composite profiles using the expression

s(AA) = (1 - f)s 2 6 6 (AA) + fs 306 (AA - vOo/C)
where f is the negative polarity's fill factor and v is its velocity relative to the positive polarity.
The results for the Vparameter are presented in Figure 7 where each row, top to bottom, has the
value f = 0.2, 0.3, 0.4, 0.45 and each column, left to right, has the velocity shift v -2,- 1. 0, 1
km/sec respectively. Note that the 0.15 km/sec shift must be added. The resulting profiles are
representative of most of the observed profiles. We also note that this is true for the 'abnormal'
V profiles presented by Livingston (1991), refer to his panels (10) through (13).

AIf
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Fig. 7. Composite V profiles from the superposition of RP 266 and RP 306. The absorption spikes at pixel :z
50 are instrumenta. Increasing fill factor for Vj- is downward with increasing velocity left to right, left (right) two
columns are blue (red) shifts.
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A comparison of the V profile for RP 286 with those in Figure 7 indicates that f :_. 0.4 and
"-_ 0.5 - I km/s. With this fill factor one finds that f 2 

- (1 - f)B266 + fB 20 6 = (570G)2 while
the analytic fit to RP 286 gave (620 G) 2 . For this portion of the neutral line one finds that the
motion is towards the '-' polarity sunspot.

VI. CONCLUSION

It appears that lack of spatial resolution and the presence of relative motions among magnetic
elements in the resolution window are responsible for the appearance of multiple reversals in the
Stokes V profile. These are sensitive to fill factor and velocity amplitudes and provide a diagnostic
of the unresolved structures. Our preliminary results for the 1980 January 23 observations indicate
preflare motions at the neutral line which appear to be directed towards the nearest spots related
to the neutral line. The persistence of this flow and its relation to the flare are under further
study.
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Discussion

A. Cacciani: I would comment that because of magneto-optical effects it is possible to get circular po-
larization even if the magnetic field is purely transverse provided its azimuth is variable with depth in the
sun. Do you think this effect can help explaining the particular Stokes V you have found on the neutral line

<lividing regions with positive and negative longitudinal field)?

A. Skumamich: Since the magnitude of V is comparable to (Q, U), I do not think azimuthal twist and its
variation with height is important. In addition the optical thickness appears not to be high to enough for
this to be effective. On the other hand this is an interesting suggestion and merits further study.

K.S. Balasubramaniam: Although it may be possible to tune the various parameters to finally fit the
profile, would it be possible to get "unique" solutions and physically how realistic would they be?

A. Skumamich: How unique are the thermodynamic parameters is unclear as they, except for the Doppler
width variations, play a weak role in the formation of the polarization parameters. I have tried 22 mA
instead of 45 mA and the magnetic field fits are not significantly affected. However further study is needed.

L. November: Have you tried combining B information from adjacent points on the side of the neutral
line where the profiles are uncontaminated?

A. Skumanich: We intend to use such adjacent points as initial values for a least-square two component
fit.
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PROPERTIES OF THE WHITE-LIGHT CORONA POLARIZATION
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ABSTRACT

The results of measuring the polarization of the white-light corona, carried
out during the February 16, 1980 solar eclipse, are presented. The degree of pola-
rization was observed to be relatively high all round the sun, with the exception
of a coronal hole near the south pole. Together with the well-expressed streamers,
the high degrees of polarization were observed in the narrow ray at P = 2100 and
also in the broad region P = 3100 - 3500 . The general increase of coronal density
characteristic for solar cycle maximum and accidental concentration of the coronal
structures to the plane of sky could be responsible for such peculiarities.

I. INTRODUCTION

The measurement of polarization of the corona belongs to the standard exr×Pri-
ments carried out during total solar eclipses. Nevertheless, with respect to survi-
ving discrepancies between the observations and the theory, and even among the re-
sults obtained by different observers during the same eclipse, it seems still va-
luable to deal with this problem. Namely, for example, in order to fit the theory
as much as possible to variety of the forms and structures of the corona observed
at different phases of the solar cycle, including, of course, differences in acti-
vity around the sun at a given eclipse.

I don't wish to summarize here the previous and very numerous achievements in
the field. Perhaps, at least, the detailed papers of Van de Hulst (1950), Saito
(1970) and Obrst (1973) should be mentioned. An interesting inverse approach to the
problem was described by Badalyan (1986), where on the basis of physical considera-
tions a coronal model was suggested, from which the distribution of coronal bright-
ness was calculated and compared with the real observations. Doing so, namely the
use of the polarization data showed to be highly promising because they are not
spoiled by the F-component of the corona.

2. CONSIDERATIONS

Numerous structures can be seen on the images of the corona, taken during pe-
riod of the solar maximum: streamers, narrow rays, coronal loop systems, etc. How-
ever, the contrast of these details is rather low and the isophotes, obtained from
the corresponding images, are almost circular in shape (Figure 1). In the other
words, while the flattening of the isophotes is clearly visible during the period
of the solar cycle minimum and of lower solar activity, it is practically non-exis-
tent during the solar maximum. Since the brightness of the corona depends firstly
on the density no at its base, the absence of flattening of the corona during the
solar maximum period is thus connected with the very small variability of no around
the sun's limb.

On the contrary, the measurement of polarization has proved to be more informa-
tive when investigating the distribution of coronal matter, namely in the period of
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the maximum of the solar cycle. This simply follows from the fact that degree of pola-
rization differs greatly in coronal holes and in streamers, while these features are
practically undistinguishable when their white-light brightness is measured at dis-
tances up to 2R@.

Fig. 1. Solar maximum type corona of 16 February 1990 with its "almost circular
in shape" isophotes.

From the theoretical point of view the high degree of polarization should be ex-
pected practically all around the sun (at all position angles P) in period of the so-
lar maximum. It follows from two circumstances. The first is connected with a well-
-known general increase of the coronal density, i.e. of the parameter no of the hydro-
static distribution of the density. The value of the observed degree of polarization
of all the coronal radiation is given by the ratio

Kt - Krt r (1),

Kt+Kr +F

where Kt, Kr are the intensities of the tangential and radial components of the K-co-
rona and F represents the brightness of the dust component.'Because the intensities
of the electron components Kt and Kr are proportional to the density, it implies,
that with increase of the coronal density the F-component is relatively smaller and
the observed degree of polarization increases (a numerical experiment demonstrating
this is given at the end of this paper).

The second effect which we would like to pick o,-t is connected with the possible
influence of the non-homogeneities of the corona on the measured polarization. Suppo-
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Fig. 2. The solar corona taken in three positions of polaroid differing by "6u0

and the corresponding systems of isophotes-
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I go* 30

Fig. 3. The isolines of the degree of polarization, combined from two sets of
the polarized pictures (the full and dashed lines) and the image of the corona ta-
ken in white-light without polaroid.
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sing that the coronal matter at heliocentric distances larger than 1.3P®J is cLosec e"-
clusively in discrete coronal structures and supposing that there exists a certai7
concentration of these structures to the plane of the sky owing, of course, to the
real distribution of the active regions on the solar surface, it also results in in-
crease of the degree of polarization at proper segments of position angles. The cor-
responding polarization in such a regions can even to exceed the maximum values cal-
culated for a dense spherically symmetrical corona. Namely, this fact seems to be
prospective for investigation of the density distribution or, if you wish, for iden-
tification of the separate coronal structures.

3. OBSERVATION ANO THE RESULTS

Of course, I hoped to say here a few words about measurement of polarization du-
ring July 22, 1990 solar eclipse. I observed at Cherskiy (far east of the USSR'), but
unfortunately, the rainy weather spoiled the observation. That is why I should res-
trict myself to the polarization measurements carried out during the last solar maxi-
mum, namely on February 16, 1980 (Ru~in and S~kora 1981).

The images of the white-light corona were taken in three positions of the pola-
roid, differing by 600 from one another, with exposures of 1/250, 1/60, 1/15, 1, 4
and 16 seconds. The NP-27 ORWO emulsion has been used, allowing, togethear with the
polaroid, observations in the range of 410-670 nm. As an example, one triplet of the
images (1/15 of a second) is shown in Figure 2, together with the corresponding equi-
densities.

In upper part of Figure 3 the isolines of the degree of polarization, calcula-
ted according to the formula

_ 2111 (11l- 2 ) + 12(12_13) + 13(13_11 11/2 (2),

11+12+13

are plotted. The comparison with the image of the corona taken in white-light without
polaroid (lower part of Figure 3) indicates that the regions of increased polariza-
tion p^,50 % relate to the isolated coronal streamers or to their superimpositions at
position angles P = 500 , 730 , 2030 - very narrow streamer, 2350 and 2800.

In comparing the above data with the positions of the boundaries of the backgro-
und magnetic fields at the E and W limbs (Livshits and S~kora 1983), determined im-
mediately from magnetic field measurements (Kitt Peak, Stanford) as well as synoptic
H,-charts, one can see that the big streamers and a number of small rays are spread
out just above those boundaries. On the green line 530.3 nm coronal pictures it is
usually possible to find systems of rather high loops at the base of the streamers
(see for example P = 720- 960 in Figure 1 of Livshits and S~kora 1983), but generally
the correlation between the degree of white-light polarization and the brighthess of
the 530.3 nm corona is poor. For example,'the bright coronal condensations around
P-'970 and others (Badalyan et al. 1984) are practically not visible in polarization
data.

The low degree of polarization near P,,,165 0 is due to evident coronal hole pre-
sent there. Further, in case of this near maximum 1980 corona the regions without
streamers are often characterized by so high degree of polai'ization (at P = 3200- 3500,
P = 1200 - 1400) which in other phases of the solar cycle are typical only for the
well-developed streamers. This is demonstrated in Figure 4, where the polarization
is well above 50 % and, except of that, the characteristic dependence of the degree
of polarization on distance from the sun is shown.
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4. NUMERICAL EXPERIMENT AND CONCLUSION

Consequently, our analysis as well as the results of Odrst '1982" show that the
polarization of the corona during the solar maximum is characterized by at 'e3st two

peculiarities. The first of the effects mentioned above, i.e. the increase of the

degree of pol~rization with the increase of density at the oase c!l te '-3prevlcaL!V
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Fig. 4. An example of the dependence of the degree of polarization on the dis-

tance from the sun in a region near the north pole (P z 3450) without any evident co-

ronal streamers.
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Fig. 5. The periodogram of the oscillations in 530.3 nm coronal line as detec-

ted on July 12, 1990 near the north pole (P = 140).
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symmetrical corona, is manifested very distinctly and seems to be without discussion.
To illustrate the second effect, i.e. the increase of the degree of polariza-

tion with the increase of the number of coronal structures in the plane of the sky,
we can present the following numerical experiment. At the heliocentric distance of
1.5 R3 we adopt the characteristic values given by Badalyan '1986'> no=2.5xl#cfm- ,
kt=600 (all the brightness are expressed in 10-10 of the mean brightness of the cen-
tre of the solar disk) and, Kr/Kt=l/4. Taking F =260 and using equation (1) we ob-
tain p = 44.6 %. Supposing now that the spherically symmetrical corona contribute to
the total brightness of the corona by Kt =300 with the same ratio Kr/Kt = l/4 and the
structural elements by Kt =400, but owing to a certain concentration of them to the
plane of the sky with the ratio Kr/Kt = 1/5, then, adopting the same intensity of
F-corona, p = 48.9 % is obtained. This evokes that the increase of the observed deg-
ree of polarization for a few procents in comparison with the dense spherically sym-
metrical corona can undoubtedly result from the non-homogeneous structure of the co-
rona.

The full analysis of the white-light corona polarization, the comparison of the
coronal structures identified in the polarized light with the active features of the
lower solar atmosphere and some theoretical considerations on non-homogeneous model
of the corona will be published in a short time.

5. CONCLUDING REMARK

In the end, I take opportunity to say a few words about solar physics performed
in our institution and related to the topic of the present workshop. At the top of
Mt. LomnickV ýtit (2632 m) the double C. Zeiss coronagraph (0 = 20 cm) is located to
observe coronal emissions and prominences. Lately, measurement of polarization in
FeXIV 530.3 nm coronal emission line and measurement of oscillations in that line
(see example in Figure 5) have been put into operation (Rutin and Minarovjech 1990/.
Except of that, there are, of course, the plans to continue in measuring the polari-
zation in 530.3 nm and 637.4 nm emission lines and in the white-light corona during
solar eclipses. At the foot of the hill a new Star6 Lesna Observatory K810 m; is ope-
rated. The horizontal solar telescope (0 =0.5 m, f =35 m) and the double solar tele-
scope to observe the photosphere and chromosphere of the sun have been just installed.
We undertake the first steps to apply the physical methods of solar polarimetry in
these instruments, as well.
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Discussion

S. Koutchmy: To improve models of coronal hole, precise measurements of the radial variation of the linear
polarization ratio is very much needed; do you have such results?

J. Sykora: We are just ready with such measurements on coronal hole observed near the south pole during
the February 16, 1980 solar eclipse. We need to finish the physical analysis of them.

S. Koutchmy: I wonder if you took into account the Earth atmosphere induced effects in your "oscillation"
data analysis of the green line intensities; for example 5 minute oscillation can be nicely recorded using the
scattered light outside the solar disc.

J. Sykora: Our results are very preliminary. We need to analyze all the possible influences on the measure-
ments. At present, we believe that most of the atmospheric and instrumental influences on our measurements
are removed by subtracting the "oscillation of the continuum", measured close to the 5303 nrm coronal line
simultaneously, from the oscillation of the intensity measured in this line.

R. Altrock: What type of detector was used to record 5303A oscillations?

J. Sykora: A high sensitivity TV camera.
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Abstract

Measurements of the linear polarization of Fe XIII (10747A) coronal emission are
discussed. Uncertainties arise because of the unknown magnitude of certain depolarizing
effects and reductions in the magnitude of the measured polarization because of
line-of--sight and field--of-view integrations through an inhomogeneous medium.
Nevertheless, polarization maps appear to be consistent with the general form of the
expected magnetic field distribution in the corona as projected in the plane of the sky.
Further, well-defined, large-scale coronal structures are found to be mapped well by
corresponding polarization measurements. Interpretation of polarization Stokes
components to determine the vector direction of the magnetic field is probably more
uncertain because of fundamental uncertainties in some of the parameters that enter into
the inversion procedure, especially so since the derived vectors depend very sensitively on
the values of such parameters.

1. Introduction

Coronal emission lines display partial linear polarization due primarily to resonance
fluorescence of the incident anisotropic photospheric radiation field. The presence of a
magnetic field produces an axis of quantization for the ions and the orientation of the
polarization vector at any field point is parallel (or perpenicular) to the local magnetic
field direction, projected on the plane of the sky. The 10747A (Fe XIII) line transition has
only one magnetic quantum state in its lower level, and hence its asymptotic limit of
polarization for radiative excitation is unity. Observations in 10747A therefore have the
advantage of high intrinsic polarization. Moreover, it has a relatively high line strength
and the sky brightness (- A-2) is low relative to that for the visible. However, for any
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coronal line, the degree of polarization is reduced by such processes as isotropic collisional
excitation, cascade effects, depolarizing collisions between magnetic sublevels, density
inhomogeneities, the van Vleck effect, as well as line-of-sight (LOS) and field-of-view
(FOV) integrations and density inhomogeneities (Sahal-Brechot, 1974a, b, 1977; House,
1977; House et al., 1982; Querfeld, 1982). In general, the magnitude of the polarization is
greatest when the magnetic field is radial - and half this value when the field is
tangential and normal to the line-of-sight.

Although the theory of forbidden-line polarization is now well established
(Sahal-Brehot, 1974a, b, 1977; House, 1974, 1977; House et al., 1982), interpretation of
the data involves significant uncertainties that are elaborated below. Nevertheless, the
general theoretical interpretation appears to be soundly based - a systematic comparison
of high-quality images recorded in the 5303A (Fe XIV) line and corresponding polarization
maps derived from 10747A (Fe XIII) observational data, shows that the vector elements
are aligned with the coronal structures where such structures provide the dominant
contribution in the FOV and LOS. The van Vleck signature is clearly evident towards the
top of large loop systems, as is to be expected if the observed loops trace the local magnetic
field direction (Querfeld and Smartt, 1984).

2. Observations

The polarimeter used to obtain measurements of the 10747A (Fe XIII) line, as
discussed here, has been described by Querfeld (1977). It is a two--channel design in which
the incoming light is modulated in intensity, followed by a linear polarization sensor
comprised of a rotating quartz half-wave plate and a Wollaston prism. The result of the
modulation is to produce 25-Hz intensity, and 100-Hz polarization, signals. The detectors
are cooled (194K) GaAsSb heterojunction photo-diodes with a quantum efficiency of 0.9.
This system meapures the intensity, I, and the linear polarization elements, Q and U, of the
combined 10747A coronal emission line, K-corona, and sky in a 5.6 A passband centered
on the emission line. Similar measurements are made simultaneously in an adjacent
continuum passband. Subtraction of the two signals gives the polarization, Pc and Ic for the
line, and Pk and Ik for the K-corona. About 130,000 polarization measurements have been
obtained at heights of 1.1 R, to 1.8 R,, sampled sequentially at 128 points around the limb

with a 5s integration time per point. Most measurements used a l-arcmin field aperture,
but values of 0.7 to 2.0 arc minutes were also used, depending on height and sky brightness.
The measurements are dominated by noise only in the case of an exceptionally bright sky
(> 2 x 10-4 Io) and a weak corona.

3. Results and Discussion

Data from the above instrument have been presented elsewhere (see, for example,
Querfeld and Smartt, 1984; Arnaud and Newkirk, 1987; Smartt and Arnaud, 1988). Here
we are concerned with the problem of trying to extract the vector direction of the magnetic
field from the Stokes components for each measurement.

Uncertainties arise in the derived values of the Stokes components I, Q, and U
simply due to unknown contributions of depolarizing effects, as outlined above, and also to
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the averaging effect of LOS and FOV integrations. Nevertheless, polarization values
obtained with this instrument are, statistically, not inconsistent with calculated values that
are based on idealized geometry and that neglect depolarizing effects - that is, the
observed values are systematically and without exception less than the calculated values,
and, with few exceptions, by a significant amount (Querfeld and Smartt, 1984).

The direction of the magnetic field vector is defined relative to the local radius
passing through the observational point by polar and azimuthal angles (8, ý) (House et al.,
1982). Specifically, the interpretation aims primarily at obtaining magnetic field angles 8,
ý from measurements of I, Q, and U at some position angle and height in the corona. To
obtain these angles requires either that the 3P, sublevel populations be known or,
equivalently, that Ne and the product of the abundance and ionization equilibrium N1(T) is
known. The coronal abundance is uncertain to at least a factor of two. Moreover the
ionization equilibrium Ni is probably uncertain by a factor of two in magnitude and t:p to
perhaps one-half million degrees in the temperature that maximizes Ni. For a confident
interpretation, it is likely that the ionization and statistical equilibrium must be solved
simultaneously and consistently since present calculations apply only to specific density
regimes.

To provide a realistic method to carry out the inversion of the Stokes polarization
data, Querfeld (1982) recast the statistical equilibrium equations for Fe XIII
(Sahal-Br~chot, 1977; House, 1977) into a simple analytical form to obtain a zeroth order
plane-of-the-sky solution. With synthetic data and without LOS integration, the
inversion produces correct density and approximately correct (within :ý 0.1" ) values for the
field angles. Applied to real data, field angles that cluster in the 8 -- 30" & 15' regime are
produced. This is inconsistent with the assumption that field angles in the corona,
although internally organized, should have more or less random orientation with respect to
the observer. These values instead imply that real coronal emission-line data are less
polarized than assumed in a simple model - reduced polarization due to FOV and LOS
integrations is not accounted for in the inversion. Some additional depolarization is surely
present and indeed is expected since depolarization can be caused by a variety of agencies.
The interpreter infers Ne from the observed intensity. If the coronal temperature differs by
ten percent or so from the assumed value, the value of N1 used in the inversion will be too
large, the inferred value of Ne will be too small, and both the integration length, 4, and the
polarization will be too large. Similarly, if the assumed coronal abundance, AFe or A are too
large, large polarization will also result. Smaller values AFe, Ni and hy all have the effect
of requiring larger values of Ne to produce a constant intensity while diminishing the
polarization.

Further preliminary work suggests that the abundance of iron in the corona might
be significantly less than thle value usually used and closer to the accepted photospheric
value. The Fe XIII 10747A data clearly require a reduction of the numerical values of
either or both the ionization equilibrium or the abundance. We prefer the Jacobs et al.
(977) ionization equilibrium values that are smaller than the corresponding Jain and
Narain (1978) values and that still require a further factor of about three reduction in the
product ionization equilibrium and the abundance. To resolve such uncertainties, more
accurate values for the coronal abundance are required.
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BROADBAND LINEAR POLARIZATION MEASUREMENTS:

THE SUN AND F - G - K DWARF STARS
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Summary. The interpretation of polarization measurements performed within a broad spectral
band (AA .-, 100 A) has to take into account:

- The polarization of the continuum, which is observed near the solar (or stellar) limb, strongly
increasing towards the shorter wavelengths. Although it has been detected in eclipsing binaries,
this phenomenon has been investigated in detail on the Sun only and there, one finds a very good
agreement between the observations and the theory.

- The existence of a net polarization emerging from an absorption line results essentially
from differential saturation of the Zeeman components in a transverse magnetic field. This
phenomenon has been well documented in the solar case but practical applications to the magnetic
vector diagnostic are more likely in the stellar case, when the lack of light prevents making the
polarization analysis with a high spectral resolution. Computations as well as comparisons with
solar active regions suggest a polarization degree of some units of 10-, in the B standard band.
for late-type dwarfs with large magnetic spots. At the present time. the detection of such an
effect is still controversial in the case of solar type stars, but magnetic broadband polarization is
clearly observed in magnetic Ap variables.

1. Introduction

Throughout this paper we refer to "broadband" measurements when observations are performed
within a spectral band wider than 10 A but narrower than 1000 A. According to this definition, the
spectral region under study generally contains, in addition to the continuum, several spectral lines.
The line contribution may be almost negligible (in the infrared solar spectrum) or overwhelming
(ultraviolet solar spectrum and visible spectrum of late K-stars). Mixing together the polarization
signals coming from different spectral lines and from the continuum looks to be a primitive
approach and, for most purposes, one tries to treat separately the continuum and individual lines,
or, even better, to scan the different parts of a line profile. Therefore. measurements obtained in a
broad spectral band are not used for solar studies, since so much light is available. The situation is
different, however, for stellar studies: accurate polarization measurements require a large number
of photons, and the next task is to find out whether useful information can be derived from
broadband measurements. In particular, it would be very interesting to obtain magnetic field
determinations from polarization measurements within wide spectral bands. As usually, solar
data come also into this type of investigation as a calibration of the method which is supposed
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to be aimed at F - G - K stars, and thus, we begin this review with a short summary of the
polarization properties of the continuum solar spectrum.

2. Polarization of the continuum

2.1. Polarization near the solar limb

It is a well known effect which has been investigated in detail, both by observation and theory.
A synthesis of the results was presented twelve years ago at the time of the Lund workshop
devoted to solar polarimetry (Leroy, 1977) and we summarize now only the main trends of this
phenomenon:

- The polarization increases very steeply towards the limb: for the continuum near 5850 A, the
polarization degre is 10-5 at 5 arc min. 10' at 25 arc sec. and 10-3 at about 2 arc sec. from
the limb. The polarization vector is always parallel to the limb.

- The polarization increases very steeply towards short wavelengths: at a distance of 25 arc sec.
from the limb (it = 0.226) the polarization degree is 10' at 9000 A, 10- at 6000 A, i0-• at
4000 A, 10-2 at 2500 A.

At the time of the Lund meeting, I mentioned some interesting points which gave reason for
additional measurements: one of them was the apparent discrepancy between the observations
obtained very close to the limb (5 arc sec.) and the theory developed by Dumont and Pecker
(1971) which, once applied to the H.S.R.A. model atmosphere, forecasted smaller polarizations.
For such observations near the limb, the best solution was to make measurements during an
eclipse: taking advantage of the annular eclipse of April 1976, Arnaud (1987) was able to measure
the continuum polarization around 4490 A, at 1 arc sec. from the limb. The observed polarization
degree (0.5 %) turns out to be well consistent with the Dumont and Pecker calculation. This last
experiment gives one more reason to believe that the Sun's limb polarization is well understood
and does not require additional efforts.

2.2. Polarization near stellar limbs

It is often quoted that it was the search for limb polarization in eclipsing binaries which led to
the unexpected discovery of interstellar polarization. Not so often is mentioned the fact that the
polarization variability with the orbital period of a binary star, which was observed later, arises
mainly from such phenomena as light scattering by extra-stellar material or light reflection from
the component stars (Koch et al., 1989). Only in the last decade Kemp et al. (1983) were able to
show the signature of limb polarization during the eclipses of Algol. Note that it is a small effect,
the extra polarization to be measured being only about 2 x 10-4.

As already stated, it is necessary, to reach such a level of accurdcy, to perform the measurements
within a rather broad passband (4000 - 5500 A in the latter case) so that one observes
simultaneously the continuum and a lot of spectral lines. Now, coherent scattering in atomic
lines submitted to an anisotropic excitation results also in linear polarization noticeable near the
limb in some weUl known cases (the line of Ca I at 4227 A); the number of lines which show a similar
behaviour is not negligible, as can be seen in the survey by Stenflo et al. (1983) and, eventually,
the interpretation of broadband limb polarization in terms of only continuum polarization, may be
inadequate. Given the extreme difficulty of the measurements, it is not sure that much additional
work on this topics is worthwhile, unless new, important, applications are in view.
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3. The net polarization of spectral lines due to the Zeeman effect

3.1. The net polarization within one spectral line

In several occasions. the net values of the Stokes parameters integrated over a line profile have
been investigated to help magnetic field diagnostic (Skumanich and Lites, 1987; Ronan et al.,
1987; Landolfi et al., 1989). We concentrate now on a partial aspect of this problem dealing with
the case of transverse magnetic fields. As it is well known, the difference of saturation between
the a and the ir components oi a Zeeman triplet results in a small amount of polarization over
the line profile (Leroy, 1962; 1989; Huovelin and Saar, 1991; Saar and Huovelin, 1991). The effect
peaks in medium intensity lines (central absorption coefficient r1o = 10; for very faint lines there
is no saturation at all; for stronger lines the saturations in reduced by the damping profile). The
net polarization degree is proportional to the square of the field strength, a general feature of
the linear polarization in lines with incomplete splitting. The polarization reaches an asymptotic
value, of course, when the line is completely split. The more complex phenomena which happen
when the field vector is not purely transverse (in particular, the magneto-._pLical rotation) have
been studied in detail by Calamai et al. (1975), Landi Degl'Innocenti and Calamai (19S2) and
Calamai and Landi Degl'Innocenti (1983).

3.3. The net polarization within a broad spectral interval

When the magneto-optical rotation is negligible, the polarization direction is the same for any line
in the pass-band and one can simply add up the contributions of the lines in the spectral interval.
This was the basis of former work devoted to the study of solar magnetic fields and, later, of
stellar studies (Demkina and Obridko, 1973; Mullan and Bell, 1976). Actually. broadband linear
polarization was found early in solar active regions (Dollfus. 1958) and was studied in detail by
Leroy (1962). Illing et al. (1974a, 1974b. 1975), Makita (1981) and Makita and Ohki (19S6).

An important feature of magnetic field measurement methods is their ability to give a significant

signal after the surface integration over an unresolved stellar disc; for instance, the classical

longitudinal field diagnostic based on circular polarization measurements in line wings is not very

useful if one observes an unresolved set of magnetic spots with opposite polarities. 'Measuring

the extra broadening of lines due to the magnetic field overcomes this difficulty (Robinson. 1980)

and the linear polarization analysis has actually a behaviour similar to the Robinson method:

in both cases the signal is proportional to the square of the field strength and to the filling

factor. The linear polarization analysis has, of course, its own advantages (polarization is the

unambiguous signature of a magnetic field while line broadening can ,esult from many physical

mechanisms) and drawbacks (a magnetic spot with circular symmetry, like a unipolar spot at

the centre of the stellar disc, yields zero linear polarization). Anyway, the model calculations by

Landi Degl'Innocenti (1982) showed that spotted stars could give a sizeable polarized signal and

actual measurements were obviously needed.

In view of stellar studies, a question of major interest is the wavelength dependence of broadband

polarization. Recent studies have provided some knowledge on this variation in various spectral

types (Saar and Huovelin, 1990, 1991) and in the solar case (Leroy, 1989). It turns out that. for

a G2 V star, the polarization increases towards short wavelengths, following roughly a A`- law

in the strong field case (B > 10000 Gauss) and a A 4 law for small field strengths (B < 1000

Gauss). The difference results from the fact that, in the case of incomplete Zeeman splitting,

the polarization depends on the factor v2 (where vH is the ratio of the Zeeman splitting to the

Doppler width) which is proportional to A2 . Both theoretical investigations (Leroy, 1989; Saar
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and Huovelin, 1991) are in very good agreement for the solar spectrum and have detected some
interesting spectral features (e.g. a local minimum of polarization at 5800 .A) which could help
to distinguish broadband polarization of magnetic origin from other polarizing effects if filters as
narrow as AA _ 100 .A can be used.

3.3. Polarization profiles of blended lines

In the past years, it was generally thought that broadband linear polarization would grow larger
and larger towards the ultraviolet and towards cooler spectral types, both trends being due to the
increasing density of metallic lines. But, in crowded spectra, most of the lines are blended and
it was necessary to see the effect of blending on the net polarization: in contrast with the great
amount of work devoted to the intensity profile of blends (Rauer, 1955), these was almost nothing
in the literature about the Stokes profiles of blended lines, although some work is now in progress
(Solanki, 1990; Saar and Huovelin, 1991). I have made recently very simple calculations based
on the Unno's equations which have resulted in the unexpected conclusion that blending lines is
a very effective way to decrease the net polarization (Leroy, 1990). In the solar spectrum, the
effect becomes quite noticeable shortwards of 4200 A and my conclusion was that the polarization
expected in the U spectral band is not larger than in the B band. For K-type stars, I obtained
even stronger decrease of the polarization due to the blends. More recently, Saar and Huovelin
(1991) investigated the same problem in detail and obtained qualitatively similar, but considerable
weaker reduction of polarization in blended spectral regions. Their conclusion is that even with
blends, the linear polarization increases from B to U. In any case, prospects for dle detection of
magnetic fields in late K or M stars are less favourable than it was first believed.

We should not speak about cool stars without giving a short comment on the polarization
of molecular bands: a magnetic field diagnostic based on molecular lines would be specially
interesting in solar-type stars since molecules are tracers of the cool sunspots. Unfortunately.
the polarization of molecular bands is weak as has been demonstrated foi the CH band by Illing
(1981).

4. Broadband polarization measurements and magnetic field diagnostic

4.1. The Sun

In the stellar case we are always measuring the integrated polarized light emitted by one or several
active regions with an unknown magnetic structure and it is helpful to begin with the easier case
of the Sun. As a first step, we have investigated the integrated polarization emerging from a
whole active region: in the B spectral band, the polarization measured in a 1 arc min. field is
about 2 x 10'- (Leroy and LeBorgne, 1989). It means also that if we measure the polarization of
the total Sun's light we should find about 2 x 10-7 when one active region is present. For several
active regions the polarization grows only slightly because we have to add vectorially the various
contributions corresponding to non parallel polarizations and we cannot reach more than 5 x
10-'. This is a very small effect indeed and it has never been observed although the outstanding
measurements by Kemp et al. (1987a) have established an upper limit of 8 x 10-7 for the net
polarization of the Sun observed at a time of low solar activity.
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4.2 Expected polarization from magnetic origin in solar-type stars

The observational data on the magnetism of solar-type stars are sometimes conflicting (Gondoin
et al., 1985; Toner and Gray, 1988; Marcy and Basri, 1989; Mathys and Solanki, 1989). One
simple approach is to extrapolate the results obtained for the Sun to a star with the same type
of magnetic activity, at a higher level. We have checked that the model by Landi Degl'Innocenti
et al. (1982) successfully explains the polarizations measured in integrated solar active regions
and I have applied the same analysis to a late G V star, with a spot covering 25 'X of the star
surface, and a field strength similar to sunspots. I found a polarization, in the B band. of about
1 x 10-i which is a small effect but not beyond the measurement capabilities. Similar estimates
resulting from a more detailed investigation were made by Saar and Huovelin (1991) for several
spectral types. They established the maximum polarization of 5 x 10-i for a G5 V star, and
smaller values for earlier spectral types. Thus, measurements have to be considered seriously.

4.3. Polarization measurements on F - G - K dwarfs

Among modem polarization measurements on nearby stars (not contaminated by the interstellar
polarization) the most accurate are those published by Piirola (1977) and Tinbergen (1982).
Tinbergen and Zwaan (1981) have noted that, for a significant number of F, G and K stars,
the observed polarization is above the threshold which can be anticipated given the noise of

measurements. The excess polarization is of the order of 1 -2 x 10-4, not far from the polarization
computed in the previous section for heavily spotted stars.

More recent data concerning the polarization of late-type dwarfs have been published by
Huovelin et al. (1985), Huovelin, Saar and Tuominen (1988) and Huovelin et al. (1989). These
authors found in several cases a variable linear polarization reaching, in the U band, the 10-
polarization level, that they assign tentatively to a magnetic effect or to a Rayleigh scattering
phenomenon. However, Leroy and LeBorgne (1989) have observed a large sample (:- 3.1; of

late type dwarfs, including several of the Huovelin et al. objects. and they have not found any
significant polarization at the level of sensitivity of 1 -2 x 10-'. In this last investigation, the
number of measurements on a given star ranged from I to 5 and it is possible that the phases of
enhanced stellar activity had occured between the observations (although I feel it hard to explain
in such a way the discrepancies). More probably, one has to discuss the discrepancy between these
different investigations at two levels: what is the true reliability of polarization measurements at
the 10-1 level? Are there non magnetic mechanisms able to give polarizations of 10-' in solar
type stars? (see Huovelin and Saar, 1991 and Saar and Huovelin, 1991. for Thomson and Rayleigh
scattering phenomena). Additional, joint observations are under way and one can hope some
progress in this field of research within one or two years.

5. Conclusion

We have not mentioned in this paper the broadband circular polarization although it has been
actually measured as well on the active Sun as in some stars (e.g. in A AND; see Kemp et al.,
1987b). The problem is that the interpretation of circular polarization is rather complex (Miirset
et al., 1988): this effect results from the occurence of both magnetic fields and specific mass
motions in active regions and thus, broadband circular polarization cannot yield a magnetic field
diagnostic as simply as broadband linear polarization.

The new coordinated observations which are in progress will show whether broadband linear
polarization is a powerfull tool for studying the magnetism of solar type stars. But, there is, in any
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case, a class of stars where such measurements do yield interesting results: in some Ap stars (e.g.
53 CAMI) very, significant polarizations have been measured by Kemp and Wolstencroft (197-4)
and the theoretical interpretation by Landi Degl'Innocenti et al. (1981) proves that it is possible
through this approach to refine our knowledge on these objects (some parameters escape the
classical analysis via circular polarization measurements). One can also point out that interesting
phenomena on stellar activity are observed in EN Comae stars (e.g. HD 199178; see Jetsu et
al., 1990) and can be explored by polarimetrv. Keeping in mind that there is no ideal way of
measuring stellar magnetic fields, we think that broadband polarization still deserves some work.
including new observations.
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Discussion

D. Rust: Do you and Huovelin measure polarization in the same way? Do you use a photoelastic modulator
as Kemp did?

J.-L. Leroy: The Pic du Midi polarimeter is a Lyot type polarimeter with a rotatable half-wave The
Huovelin instrument, designed by PNirola, is still of a different type - it is a dual channel instrument designed

to cancel the harmful effect of a bright polarized background (the sky illuminated by the moon! In the ca•e
of Pic du Midi measurements have been made always with no moon in the sky.)

S. Koutchmy: Could you please comment on the origin of the discrepancy you have for the solar-type stars
you showed on your last graph?

J.-L. Leroy: The Huovelin measurements do not display high polarization at any time. Rather they are
variable as could be expected for an effect linked to a stellar activity process. Therefore, it could be that mv
measurements have always met a phase of quietness of the stars. I don't think that this explanation is very
probable but at least it must be considered.

J. Stenflo: The effect of the image wobble due to the mechanical modulation will be different for the
different Stokes parameters (in addition to the smearing of the spatial resolution). How and with what
accuracy do you correct for this wobble?

B. Lites: The residual wobble in the image after stabilization by the fast mirror is negligible. It is far
smaller than the differential stretching of the image due to seeing. The effect of crosstalk due to the residual
seeing has been estimated by Lites (1987, Applied Optics, 26, 3838).
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Abract& Polarimetry at infrared (IR) wavelengths is advantageous because the larger Zeeman
splitting of IR lines results in larger net solar polarization signal. Also, oblique reflections at
telescope mirror surfaces have less effect, due to the increase in the index of refraction for
Aluminum films at IR wavelengths. Recent developments in IR detector arrays, and the
availability of lines formed at altitudes from the deep photosphere (e.g. 1.56 gm Fel) to the base
of the chromosphere (12 gim) represent additional motivation to pursue polarimetry in the IR.
Techniques used for IR polanmetry are still under development, especially at 12 gm. However,
recent measurements using a CdS quarterwave plate and Ge thin-film linear polarizer
successfully obtained Stokes I,Q,U and V profiles of the 12.32 grm Mgl line at high spectral
resolution. A significant result from these measurements is the finding that the 12 gzm line is
essentially 100% polarized in sunspots. This implies that the sunspot magnetic field, at the 12
pLm altitude, is not filamentary in the sense of being a collection of small scale flux tubes,
separated by field-free regions. Rather, the sunspot represents a single large flux tube,
wherein the field fills all space.

1. Motivations for Infrared (IR) Polarometrv

Although the vast majority of solar polarimetry has been conducted in the
visible spectral region, there are many advantages to doing polarimetry in
the IR. The larger Zeeman splitting relative to line widths means that
there is less overlap of orthogonal polarizations for IR lines, leading to a
greater net polarization signal. The polarization effects induced by
oblique reflections at telescope mirror surfaces are smaller in the IR.
New IR array detectors are available, and IR lines are now known in the
solar spectrum which are formed over a substantial range in altitudes in
the solar atmosphere. Simultaneous observations of lines formed at two
well-separated altitudes would give us a good basis for making 3-
dimensional vector magnetograms, and would doubtless improve our
understanding of how magnetic energy is stored and released in solar
active regions. Finally, atmospheric seeing is generally improved at IR
wavelengths. This means that, at least in the near-IR near 1.6 gim, high
spatial resolution observations may be more easily attained. In what
follows, we elaborate on some of these motivations in more detail.

1 Also affiliated with the Astronomy Program, University of Maryland at College Park.
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a) Solar oolarization

The net polarization in a spectral line, resulting from the Zeeman effect,
depends on the magnitude of the Zeeman splitting relative to the line
width. The magnitude of Zeeman splitting in physical units, i.e. in energy,
is independent of the line frequency, and is given as:

Avz - 4.67 x 10- 5 g 1BI cm" 1 ,

where g is the Lande g-factor, and 1B1 is the field strength in Gauss. The
Doppler width of the line, however, is proportional to the line frequency.
Consequently, IR lines are more narrow than visible lines when measured
in energy units. The ratio of Zeeman splitting to line width is therefore
inversely proportional to frequency, i.e. proportional to wavelength. Table
I shows the ratio of Zeeman splitting to Doppler width for X6302 in the
visible, and two IR wavelengths, assuming a line broadening velocity of 1.5
km sec-land a field strength of 1000 Gauss. For field strengths typical of
solar active regions, visible-region lines are often in the regime where the
line width exceeds the Zeeman splitting, whereas IR lines often show line
widths which are substantially smaller than the splitting. In order to
maximize the Zeeman effects relative to the Doppler effects, we want to
use these narrow IR lines, i.e. we want to do "low energy solar physics!"

In the limit when the line width greatly exceeds the Zeeman splitting, the
so-called weak-splitting regime, the net polarization, especially the
linear polarization, can be quite small. In this regime, adequate
measurement of linear polarization in the presence of telescope and
instrumental polarization effects is very difficult (Harvey 1985).
Moreover, net linear polarization is proportional to 1812, whereas net
circular polarization remains linear in 161. When JBI varies within a single
spatial resolution element, this mix of quadratic and linear dependences
causes the mean vector field to be distorted (Stenflo 1985). One solution
to this problem is to obtain very high spatial resolution using a very low
polarization telescope such as LEST. In this situation, the small scale field
elements will be largely resolved, and JBI should not vary significantly
within a resolution element. However, another solution to this problem is
to use IR lines, which are completely split. In the strong-splitting regime,
the linear polarization can be just as large as the circular polarization,
and has the same linear dependence on 6BI. Consequently, the mean field
will not be distorted, and cross-talk between circular and linear
polarizations is less of a problem when they are of comparable magnitudes.
An example of a strongly split IR line, the 12.32 gim emission line of Mgl,
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is shown in Figure 1.

Table 1. Ratio of Zeeman Splitting to Doppler Width.

X, (ltm) Lande g Avz/AvD
0.6 2.5 1.4
1.6 3.0 4.5
12.3 1.0 11.5

I I [ I I I

1.15 - 1B1=875 G -i 1~~I BI=11SO G 23ar-e
1 G 2.3 arc-sec

S1.10
2.3 arc-sec

Cp =0.26.2r
z

S-1.05

> 1.0

4.66 arc-sec

11 1.05 A04

1.0 -

I I I 1 I__ _ _ _ _ _ ,_ _ _ _,

811.50 .55 .60 .65 811.50 .55 .60 .65

WAVENUMBERS

FjgUr1.j Example of a strongly split IR line, the 12.32 gm line of Mgl observed in a sunspot
penumbra at two disk positions and two values of the field strength (from Deming et al. 1988).

b) Telescope polarization

The problem of polarization induced by oblique reflections at telescope
mirrors is well known. Harvey (1985) describes this effect for the McMath
telescope. As an example, he gives the McMath Mueller matrix for a solar
declination of +200 and an hour angle of 450 as:
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0.775 0.035 0.008 0.0031

M 1,8= 0.035 0.771 0.028 -0.0691
0.009 0.001 0.715 0.297]

LO.003 0.075 -0.295 0.712 j

As wavelength increases, the real and imaginary components of the index
of refraction for Aluminum films both increase. These values can be
calculated using Drude-Zener theory (Bennett, Silver and Ashley 1963), or
taken from the tabulations of Gray (1972). For example, we obtain n=34.2
and k=79.6 for the 12.32 gm Mgl line, from a slight extrapolation of Gray's
values. Using these values, the McMath Mueller matrix for the same
declination and hour angle becomes:

[0.944 0.008 0.001 0.0001
0.008 0.944 0.000 -0.003

M12 gm = 0.001 0.000 0.944 0.018

LO.OOO 0.003 -0.018 0.944j

The off-diagonal elements in the 12 gim matrix are about an order of
magnitude smaller than the visible matrix. Moreover, since the linear and
circular polarizations in the 12 pm line are of the same order of
magnitude, the cross-talk induced by the telescope will have no significant
effect on vector field determinations using this line. Measurements which
support these conclusions were made by Hewagama (1991), who
determined the polarimetric properties of one of the oblique reflections in
the McMath telescope.

c) New detectors

In recent years there have been stunning advances in the technology of iR
array detectors (see Wynn-Williams and Becklin 1987). Arrays of several
thousand pixels are now available, each pixel exceeding the performance of
the individual detectors of a decade ago. The existing arrays (circa 1991)
are summarized in Table 2 (updated from Deming et al. 1991). In the 1 to
2.5 gim region, PtSi arrays have relatively large formats. These arrays
have been used to image solar faculae at 1.6 gm (Foukal, Little and Mooney
1989), and have other important applications in IR astronomy (Fowler et al.
1990). Although they have limited sensitivity, their large format makes
them attractive for use in solar polarimeters. More sensitive InSb
detectors are available in 58 x 62 format, and an array of this type is
being used by Rabin et al. (1991) to do polarimetry of the 1.56 pgm line. At
longer wavelengths, very sensitive Si:As arrays exist in 58 x 62 format.
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One limitation in using the Si:As arrays is the high level of thermal
background, which prevails at wavelengths exceeding 2 lam, due to warm
telescope and instrument optics. When used with broad optical
bandpasses, the thermal background can saturate these arrays in times
which are short in comparison to the 33 msec read time. In this respect,
use of these arrays in solar physics is easier than in other areas of
astronomy, because the solar application dictates high spectral resolution,
which results in much reduced background levels if cold, narrow band,
filters are used. An array of this type is being utilized at Goddard Space
Flight Center to form the detector in a 12 gIm Stokes polarimeter (Deming

et al. 1989), operating at 0.007 cm- 1 resolution using a Fabry-Perot
etalon.

Table 2. INFRARED DETECTOR ARRAYS

Material Format .-Range Type/ Manufacturer
(microns) Multiplexer

PtSi 640 x 488 1 5.4 PE/DRO-CCD Kodak, Hughes,
RCA, etc.

Ge diodes 32 x 32 1 - 1.6 PV/JFET Ford Aerospace

HgCdTe 256 x 256 1 -2.5 PV/DRO Rockwell

InSb 256 x 256 1 - 5.5 PV/CCD SBRC

Si:ln 32 x 32 1 - 7.5 PC/CCD Rockwell

Si:Ga 58 x 62 5 - 17.5 PC/DRO SBRC

Si:As 10 x 50 5 - 24 BIB/SWIFET Rockwell
20 x 64 Rockwell, HC
58 x 62 BIB/DRO I-U

PE=Photoemissive, PV=Photovoltaic, PC- Photoconductive, DRO-Direct Readout, BIB-Blocked
Impurity Band, SWIFET-Switched MOSFET, SBRC-Santa Barbara Research Center,
HC.Hughes(Carlsbad)
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d) Lines formed over a range in height

The IR spectral region includes lines formed over a substantial range of
heights in the solar atmosphere. A number of Zeeman-sensitive lines in
the solar IR spectrum were observed and identified by Hall (1974). The
Fel line at 1.5648 p.m is especially interesting, because it has a Lande g-
factor of 3, and it is formed relatively deep in the solar photosphere.
Pioneering observations of this line were reported by Harvey and Hall
(1975), and the line has been the subject of more recent studies by
Stenflo, Solanki and Harvey (1987a), Zayer, Solanki and Stenflo (1989),
Rabin and Graves (1989), Rabin et al. (1991), and Livingston (1991). The
NSO near-IR magnetograph will be designed to make use of this line (Rabin
et al. 1991).

At still longer wavelengths, the 12 g~m emission lines (Brault and Noyes
1983) are believed to be formed in the upper photosphere or low
chromosphere (for an extended discussion, see Deming et al. 1991). The
mechanism and altitude of line formation is still unresolved, but it is
relatively certain that the emission occurs from an altitude higher than
the most Zeeman-sensitive lines in the visible. Deming, Jennings and
Noyes are planning to observe the formation altitude of the 12.32 p.m Mgl
emission at the limb during the July 1991 total eclipse over Mauna Kea. If
this observation is successful, Zeeman measurements using the 12.32 pLm
line can be unambiguously referred to a known height. Simultaneous 1.56
g~m and 12.32 g~m polarimetry would be very desirable, since this would
give three dimensional vector field information.

I1. Techniques for IR Polarimetra

Nearly all solar IR polarimetry to date has utilized the McMath Fourier
transform spectrometer (FTS). The usual technique is to modulate the
polarization state of the FTS input at kHz frequencies, which produces
sidebands in the transformed spectrum (Brault 1978). This technique has
been widely used to obtain simultaneous Stokes profile measurements
over a wide spectral range, including both the visible and the 1.56 pgm Fel
line (Stenflo and Harvey 1985, Stenflo, Solanki and Harvey 1987a,b). The
high qualtiy of the data results largely from the rapid (kHz) modulation of
the input beam using a photoelastic modulator. These modulatcrs operate
by producing a variable strain birefringence using an acoustic transducer
(Kemp 1970, 1981). The result of these measurements has been a wealth
of new knowledge concerning the structure of small scale flux tubes
(Solanki 1987).
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At thermal IR wavelengths, somewhat different polarimetric techniques
must be used. The presence of significant thermal background emission at
12 p.m means that cold, narrow band, filters must be used to limit the
bandwidth of fluctuations in the thermal background. The Planck function
at 5000K (the 12 g~m solar brightness temperature) is larger than the
300K Planck function by a factor of only 180, because at this long
wavelength the Planck function is closer to being linear in temperature
(the Rayleigh-Jeans limit). This means that solar polarimetry at 0.005
cm- 1 (the FTS resolution) must use a cold filter, of approximately 1 cm- I
bandwidth, in order to keep the background emission below the level of the
0.005 cmr1 solar signal. Deming et al. (1988) used a LHe-cooled grating
monochromator (Wiedemann et al. 1989) on the McMath FTS for this
purpose. The use of a cold narrow-band filter on the FTS means that
modulation of the input beam could take place at relatively low
frequencies, since no other signal will interfere with the sidebands
containing the Stokes information. Although kHz-frequency modulation
may be desirable at shorter wavelengths in order to reduce atmospheric
noise, it is not clear that this is necessary in the IR, where sky-chopping
in IR astronomy typically utilizes chop frequencies of some tens of Hz.
Polarization modulation at low frequencies can be conveniently
accomplished using a rotating Fresnel rhomb or waveplate. Hewagama
(1991) explored techniques to measure 12.32 pgm Mgl Stokes profiles. The
first attempt involved a rotating ZnSe Fresnel rhomb. This was
unsuccessful, because the beam deviation produced by the rhomb could not
be corrected so as to keep the beam sufficiently close to the FTS optic
axis. Deviation of the beam during the FTS scan causes large levels of
noise in the spectra. Rotation of a waveplate might be more successful.
However, Hewagama found that good quality 12.32 gIm Stokes profiles
could be produced simply by making successive measurements using
different orientations of the rhomb (or CdS quarterwave plate) and Ge
thin-film linear polarizer. Because the FTS detects all wavelengths
simultaneously, changes in atmospheric transparency during these
measurements do not enter as first-order effects on the Stokes profiles.
Figure 2 shows the equipment used to make 12 g~m Stokes observations
with the FTS. Measurement of I, 0, U and V with this method requires six
successive interferograms, each of approximately 2 minute duration. An
example of the Stokes profiles obtained in a sunspot penumbra is shown in
Figure 3.

Improvements in the technique of measuring 12 gm Stokes profiles are
certainly desirable. Incorporating array detectors into these
measurements will probably necessitate using a spectrometer other than
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an FTS, e.g. a Fabry-Perot. Such instruments remove the thermal

background emission by chopping. Both removal of the background, and
improvements in the Stokes profiles, could be accomplished
simultaneously by chopping between polarization states, e.g. between I+Vand I-V, etc. One naturally thinks of techniques such as photoelastic

modulation to accomplish this purpose. Although photoelastic modulation
in ZnSe has been used at thermal IR wavelengths (Lipp, Zimba and Nafie

1982), it is our understanding that ZnSe devices cannot attain sufficient
retardation at wavelengths as long as 12.3 t m. Instead, Si photoelastic
modulators may be more suitable, or variable retardation could be
achieved with an electro-optic modulator of the type which is commonly
used with 10 g~m C02 lasers. A CdTe electro-optic modulator, which uses
an applied electric field to achieve retardance, is being tested at Goddard
for its suitability as a 12.32 g~m solar polarization analyzer.

1I1. Limitations and compglementary asoects

The principal limitation of polarimetry in the IR is the limit on spatial
resolution set by diffraction. At 12 lim, the diffraction limit of the
McMath telescope (1.22;LID) is 2 arc-sec. Atmospheric seeing is generally
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Figure 1. Example of 12 jim Stokes t, 0, U and V profiles obtained in a sunspot penumbra with
the McMath FTS by Hewagama (1991).

better at longer wavelengths, and Boyd (1978) measured the 10 gm seeing
at the McMath telescope, using an IR-upconverter to image the solar limb.
Boyd found that the 10 gm seeing was about a factor of two better than in
the visible, which is in approximate agreement with the theory of
astronomical seeing (Fried 1966). This implies that 12 lam observations
with the McMath will be diffraction-limited, not seeing-limited, whenever
the visible seeing is 4 arc-sec or better, which is most of the time.
Significant improvements in spatial resolution should be possible by
increasing the telescope aperture. The recently proposed upgrade of the
McMath telescope to 4-meter aperture (Giampapa, Livingston and Rabin
1990) would be highly beneficial to 12 gm observations, either by
increasing the spatial resolution at fixed throughput, or by increasing the
signal level with the spatial resolution fixed.

The limitation imposed by diffraction implies that it will be very
difficult for 12 pm polarimetric observations to achieve the 0.1 arc-sec
resolution which telescopes such as LEST may achieve in the visible.
While this level of spatial resolution is not achieved directly by 12 gm



350 D. Deming et al.

McMath Solar FTS
with GSFC postdisperser 860 G

5/15/88

1540 G

2470 G

opposite circular polarizations N

postdisperser response

Figure 1. Unprocessed 12.32 gm I+V and I-V profiles observed in a sunspot-forming region,
where the great breadth of the a-components indicates a large range of field strengths present
in the 5 arc-sec field of view.

observations, the very high "magnetic resolution" obtainable using IR
polarimetry at both 1.6 and 12 t~m complements the high spatial
resolution achieved in the visible. As an example, Figure 4 illustrates
12.32 tim Mgl profiles taken in an emerging flux region, where a sunspot
was forming. The region included in the 5 arc-sec diameter FTS entrance
aperture contained a dark pore and surrounding plage. The data are
unprocessed, i.e. they include the response of the postdisperser. The two
spectra shown are I+V and I-V. The a-components of the line are very
broad, indicating that this 5 arc-sec region contained fields ranging in
strength from a few hundred to nearly 2500 Gauss. There is also some
indication that the a-components are double-peaked, and that the
predominant field strengths are near 860 and 1540 Gauss. In such an
instance, because the Zeeman-spreading in the a-components exceeds
their intrinsic width, 12 gzm Stokes profile observations can measure
field strengths and obtain some vector information for these fields,
irregardless of whether they are spatially resolved. If observations of a
sunspot-forming region such as this could be made with an array detector,
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we could obtain a very clear picture of how the field elements coalesce to
form a sunspot. The "magnetically resolved" features in such observations
might correspond to structures seen in high resolution visible images, or
they might be of even smaller scale, since there is theoretically no lower
limit to the size of features which can be "magnetically resolved" using an
emission line such as 12.32 g~m Mgl.

IV. Results from IR Polarimetry

While IR polarimetry has shown promise since the pioneering
investigation of Hall (1974), very little work was done in this area for a
number of years. However, new results are now beginning to appear.
Hewagama et al. (1991) performed polarimetry of the 12.32 p.m Mgl fine in
sunspots, and obtained interesting new information relevant to the small-
scale structure of the sunspot field. As is well known, sunspot penumbrae
exhibit a small-scale filamentary structure which is visible in high
spatial resolution images (Moore 1981). It has often been speculated that
the magnetic field is concentrated into similar filaments, which may
correspond to either the dark or light structures seen in the penumbra. If
the penumbral field is concentrated to this degree, then intervening field-
free regions may also exist in the penumbra. Unless such regions were as
cool as the umbra (which is unlikely), then we would expect them to emit
unpoarkz. radiation in the 12.32 p.m line, because the line is ubiquitous
in all solar features except the umbrae of moderate and large sunspots.

Since the penumbral Zeeman splitting of this line is so large, unpolarized
emission in the x-component must result from actual field-free regions
on the Sun, instead of cancellation of orthogonal polarizations, as occurs
in a weakly-split visible line. Figure 5 shows the degree of polarization
in the 12.32 pam line, plotted versus distance from the sunspot center
(from Hewagama et al. 1991). It can be seen that within the sunspot the
line is essentially 100% polarized, the degree of polarization dropping to
perhaps 90% at the penumbra/quiet Sun boundary. This means that the
field at the 12 pam altitude (estimated to be the temperature minimum to
low chromosphere region) is not filamentary in the sense of containing
field-free regions interspersed with small scale flux ropes. Rather, the
sunspot represents a single large flux tube, with the field filling all of
the space. This conclusion is independent of the spatial scale of any
filamentation in the field; it depends only on the argument that field-free
regions cannot avoid emitting in the 12 p.m line.

This result concerning small scale magnetic field structure in sunspots is
representative of the manner in which the high "magnetic resolution"
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available using IR polarimetry can give information which is highly
complementary to high spatial resolution observations in the visible.
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Figur 5. Degree of polarization in the 12.32 gm line, versus distance from sunspot center,
from Hewagama (1991).

V. Acknowledoements

We thank Dr. John W. Harvey for allowing us to use his McMath Mueller
matrix calculation program. Infrared polarimetry at Goddard is supported
by the NASA Solar Physics Branch, under RTOP 170-38-53-10. The
National Solar Observatory is a division of the National Optical Astronomy
Observatories, operated by the Association of Universities for Research in
Astronomy, under contract with the National Science Foundation.

V1. References

Bennett, H.E., SiJver, M., and Ashley, E.J. 1963, J. Opt. Soc. Am., 53, 1089.
Boyd, R.W. 1978, J. Ogt. Soc. Am., 68, 877.
Brault, J.W. 1978, Osn. Mem. Astrofis. Arcetri, 106, 33.



Polarimetry in the Infrared 353

Brault, J.W. and Noyes, R.W. 1983, Ap .J. Letters, 259, L61.

Deming, D., Boyle, R.J., Jennings, D.E. and Wiedemann, G. 1988, Ap.LJ., 333, 978
Deming, D., Jennings, D.E., Hewagama, T. and ZLpoy, D. 1989, JA, 21, 848
Deming, D., Jennings, D.E., Jefferies, J., and Lindsey, C. 1991, in _TheSola

Interior and Atmosphere, eds. A. Cox, W. Livingston and M. Matthews,

(Tucson: Univ. of Arizona Press ), in press.
Foukal, P., Little, R., and Mooney, J. 1989 A,. J. Letters, 336, 33.
Fowler, A.M., Gatley, I., Merrill, K.M. and Herring, J. 1990, N.O.A.O. Preprint No.

344.
Fried, D.L. 1966, J. Oot. Soc. Am.. 56, 1372.
Giampapa, M.S., Livingston, W.C. and Rabin, D. M. 1990, N.O.A.O. Preprint No.

345.
Gray, D.E. 1972, American Institute of Physics Handbook, Third Edition,

(New York: McGraw-Hill).
Hall, D.N.B. 1974, An Atlas of Infrared Spectra of the Solar Photosohere and of

Sunspot Umbrae, (Tucson: Kitt Peak National Observatory).
Harvey, J.W. 1985, in Measurements of Solar Vector Magnetic Fields, ed. M.

Hagyard (Huntsville: NASA/Marshall Space Flight Center), p. 109.

Harvey, J.W. and Hall, D.N.B. 1975, B.A.A.S., 7, 459.
Hewagama, T. 1991, Ph.D. Thesis, University of Maryland.
Hewagama, T., Deming, D., Jennings, D.E., Osherovich, V., Wiedemann, G.,

Zipoy, D. and Mickey, D. 1991, submitted to AoL
Kemp, J.C. 1970, J. Opt. Soc. Am., 59, 950.
Kemp, J.C. 1981, Proc. S.P.I.E., 307, 83.
Livingston, W.C. 1991, this proceedings.
Lipp, E.D., Zimba, C.G. and Nafie, L.A. 1982, Chem. Phys. Letters, 90, 1.
Moore, R.L. 1981, A;.,_L, 249, 390.
Rabin, D.M. and Graves, J.E. 1989, BA..S, 21, 854.
Rabin, D.M., Jaksha, D., Wagner, J. and Iwata, K. 1991, this proceedings.
Solanki, S.K. 1987, Invited Review given at the Tenth European Regional

Astronomy Meeting of the IAU, Prague, 24-29 August 1987.

Stenflo, J.O. 1985, in Measurements of Solar Vector Magnetic Fields, ed. M.
Hagyard (Huntsville: NASA/Marshall Space Flight Center), p. 263.

Stenflo, J.O. and Harvey, J.W. 1985, Solar Physics, 95, 99.
Stenflo, J.O., Solanki, S.K. and Harvey, J.W. 1987a, Astron. Astrophys.,173,

167.



354 D. Deming et aL.

Stenflo, J.O., Solanki, S.K. and Harvey, J.W. 1987b, Astron. Astrophys., 171,

305.
Wiedemann, G., Jennings, D.E., Moseley, H., Lamb, G., Hanel, R.. Kunde, V.,

Stapelbrock, M.G. and Petroff, M.D. 1989, AL. QQti, 28, 139.
Wynn-Williams, C.G. and Becklin, E. E. (eds.) 1987, Infrared Astronomy with

Arrays, (Honolulu: University of Hawaii, Institute for Astronomy).
Zayer, I., Solanki, S.K. and Stenflo, J.O. 1989, Astron. Astrophys., 211, 463.



Polarimetry in the Infrared 355

Discussion

B. Lites: 1) I think that there would be a very small height gradient of the field in sunspots over the
small height difference of the formation of lines. 2) High resolution spectra from La Palma show that the
penumbra field is indeed quite uniform (near unity filling factor). 3) Stokes II results for large sunspots give
field strength and inclination consistent with those you measure.

D. Deming: As regards 1), most estimates above sunspots are of order 0.5 G/km. Hence the ±200 G width
of the 12pum o" components, if due to the height gradient, would require that the line emission originate over
a - 800 km region. I agree that this seems unlikely. As regards 2) and 3), 1 am please to hear this.

J. Harvey: Have you complemented these beautiful emission line polarimetry observations by using ab-
sorption lines?

D. Deming: In the 12 pm region the only absorption lines of which I am aware are the molecular OH
features and the atomic lines discussed by Glenar et al. (1988, Ap. J Left 335, L35). I am not familiar
with the Zeeman properties of the former, and the latter are heavily blended with telluric lines. I think the
most complementary observations using absorption lines would be simultaneous polarimetry at 12 pm and
1.6 pm. We hope to do this in the future.

S. Koutchmy: A few brief comments: We know from the classical theories of Earth atmospheric turbulence
(Tatarski, etc.) that in the case of a Kolmogorov spectrum, the Fried parameter is increasing as a power
6/5 of the wavelength. This has been checked to be nearly true for the night sky seeing (recent works in
France, Chili and Hawaii) but nothing is known on the day-time seeing. Also of importance is that the
size or extent of the isoplanatic patch which could dramatically increase in the IR. Measurements should
be done to determine more about that and define the optimum parameters of a for future large IR solar
telescopes. Another interesting aspect is that the scattered light levels both in the instrument and in the
Earth's Atmosphere are considerably reduced, probably as a power 2 of the inverse wavelength. Concerning
the gain in Zeeman sensitivity, this is especially interesting to measure the chromosphere and probably the
coronal magnetic field which has been impossible up to now to make in the optical part of the coronal
spectrum. In connection with this existing possibility, it would be important to produce a full IR spectrum
of the solar corona as new lines are expected there.
In connection with the problem of the influence of 5 min oscillation, did you also look at effects produced
by the temperature variations? This seems especially important in the case of the core of spot where very
large temperature inhomogeneities are known to occur.

D. Deming: I agree with your comments, except that I would like to see measurements of the scattered light
levels in the IR, since the situation may not be favorable as theory may predict. I especially agree with your
comment about a coronal IR spectrum, especially at wavelengths long ward of 12prm where the terrestrial
atmospheric absorption has prevented observations. We looked for 12 pm line intensity observations in "paper
I" (1988, Ap. J. 333, 978) and established an upper limit which means that 5 min intensity variations will
not affect our Stokes observations.

Zirker: What filling factors are seen in plage regions?

T. Hewagama: Lower than unity: 0.8, 0.7 and less. Since the sigma components are closer together, the
degree of polarization is smaller than unity. It is difficult to estimate the true filling factor uniquely.

J.C. Henoux: Did you really find that the line width is less in the ir components than in the center of the
12psm line? Could it be explained by a distribution of magnetic field strength inside umbra?

D. Deming Yes, the a components are invariably wider than the 7r component. In paper 1 (1988, Ap. J.
333, 978), we concluded that small scalb variations of order ±200 gauss were responsible.
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Sampling V-Stokes on the Solar Disk
with Fe I 15648X and H Paschen 1

William Livingston

National Solar Observatory
National Optical Astronomy Observatoriest

P.O. Box 26732, Tucson, AZ 85726

Summary. From exploratory observations made with a scanning spectrometer we demonstrate that V-Stokes
profiles exhibit a variety of forms. We confirm earlier work that shows the Zeeman splitting of Fe 15648. is
complete in the magnetic fields of plage regions where field strengths of between 1000 and 2000 G can be
measured. In sunspot umbrae, however, molecular blends limit the line's usefulness. Some preliminary observa-
tions with chromospheric HPO 12818kL are given.

1. Introduction

A number of programs utilize the all-reflecting McMath Telescope to study solar magnetic fields in the infrared
where the Zeeman splitting is favorable. Harvey and Hall demonstrated 15 years ago (1975) that the Fe 15648k
line can yield directly the strengths of magnetic fields in plage. Harvey, Stenflo, and their Zurich collaborators
made observations with the 1-m FTS outfitted with a polarizing modulator which yielded magnetic information
from H-band lines (represented at this conference by Solanki, 1990). Rabin et al. (1990) are currently exploring
the capability of a 2-D IR imager, while Deming (1990), Jennings, and Hewagama (1990) successfully are tack-
ling polarization in the Mg 112 micron lines.

We have resumed the work of Harvey and Hall; in fact Hall's original dewar is employed. What, new to
report here concerns a sampling of the V-Stokes profiles derived from several hundred observations of a variety
of active regions. Not surprisingly, different regions yield different profiles. Some at present are inexplicable.

2. The Instrument

Don Hall's dewarBaboquivari* was discovered languishing in the comer of the now defunct horizontal IR spec-
trograph on Kitt Peak. There it had been for over a decade, and it was now covered with cobwebs. This was in
fact the detector used for his thesis and his Sunspot Atlas (Hall 1974). Plugged in it was dead, but Dick Joyce
found a spare Cincinnati Electronics InSb photovoltaic diode detector which he graciously installed: it came to
life and we were in business.

Babo's optical train consists of a window followed by a 2001. slit contacted to a LN2 cooled copper box.
Just behind the slit is an R01000 filter. A concave mirror images the slit onto the InSb diode which has an
active area 1 mm in diameter. Babo itself is fed by the camera mirror of the 13.5 m double-pass grating spec-
trometer (Pierce 1964). A 2.5x2.5 arc-sec Bowen image slicer serves as the entrance aperture, with an effective
slit width of 140pm. This slicer, plus seeing smear, defines the size of the area sensed on the solar disk. For the
observations reported here, the spatial resolution is 3 to 5 arc-sec. Polarimetry is achieved with a rotatable
quarter-wave plate preceding the slicer and an HR polaroid following. Basically the setup is thus very simple.

Data is logged by the standard rapid-scan photometry system. Detector output signal is averaged during
repeated scans of the grating, with the time per scan being about I sec. An observation consists of 10 grating

(*) Baboquivari is a prominent mountain summit south of Kitt Peak, a site held sacred by the Tohono O'Odham
Indian Nation. I'm told that permission was sought from the Nation to inscribe this name on the dewar. By so
doing the detector was endowed with exceptional powers.

(t) Operated by the Association of Universities for Research in Astronomy, Inc. under cooperative agreement
with the National Science Foundation.
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cycles and takes about 30 seconds, including time for taping. The waveplate is then rotated 90" and the process
repeated. A complete pair of observations, consisting of right- and left-circular records, requires about a minute
plus the time to rotate the waveplate.

3. Observations

With the solar image fixed and under guider control, samples were taken in proximity to active regions, i.e. sun-
spots. One procedure was to search randomly for image positions where the line profiles, as displayed on the
photometry CRT screen, departed in a noticable way from the quiet Sun. Another plan involved stepping along
a straight line, taking observations every 3.2 arc-sec. This was a scheme advocated by a visiting astronomer S.
Vainstein who was interested in the spatial statistics of the fields. In all 400 areas were sampled.

(Obviously the non-simultaneity of the right- and left-circular analysis is a major weakness. We now have
a scheme for interleaving the polarization states by switching a liquid crystal retarder synchronous with the grat-
ing cycles. This technique has been tried and works, but was not employed for the results presented here. How-
ever, preliminary results obtained by this improved method show many of the variations in V-Stokes described
below and lend confidence that these 'abnormalities' are not just a consequence of seeing.)

4. Discussion

In figures 1 and 2 we show 16 examples of V-Stokes profiles from different areas on the Sun. Displayed full
scale, 0 to 100%, are the superimposed right- and left-circular records. To left of scan center is Fe I 151-48.518.
g = 3, and to the right is Fe 1 15652.889, g = 1.53 (Solanki, Bi6mont, and Mtirset 1990). The difference of these
two scans (multiplied by a factor of 5 except in sunspot umbrae), is the V-Stokes profile. Measured field
strength is derived from the distance between V-Stokes maxima. We arbitrarily always use the maxima and not,
for example, the profile 'center of gravity'.

Panel I represents the quiet Sun with no detectable field. A small residual blip in the V-Stokes is probably
caused by granular evolution during the course of the observation. Panels 2 through 5 show typical V-Stokes
profiles for plage in order of increasing filling factors. Note that the deduced field strength is not particularly
sensitive to filling factor. In panel 6 the V-Stokes profiles are relatively broad, perhaps as a consequence of a
mixture of field strengths or velocities.

Panels 7, 8, and 9 are from sunspot umbrae of increasing size and darkness. As a rule, the darker the spot
the stronger the magnetic field. The darker the spot the stronger also are numerous umbral molecular lines.
There are two prominent umbral lines on either side of Fe 15652 but weaker umbral molecular lines are found
throughout the wavelength interval. Many of these, perhaps all, display Zeeman splitting. When the molecular
lines become quite intense, as in panel 9, weak molecular blends confuse Fe 15648 and the stronger ones obli-
terate the Fe 15652 profile. These blends limit the utility of Fe 15648 for umbral polarimetry.

Panels 10 through 14 display 'abnormal' V-Stokes profiles. Such profiles are neither common nor rare.
Our experience is that they are region specific; i.e. if a region has one area of unusual profiles it tends to have
others. Panels 10 and 11 indicate areas that may have opposite polarities within the observing aperture (see com-
ments of Skumanich 1990). We have no ready explanation for the contents of panels 12, 13, and 14.

Panels 15 and 16 show how the H Paschen 03 line at 12818X, appears over a sunspot. Chromospheric Ha
and HP3 have been used in the past to infer vertical field gradients over spots (e.g. Sevemy and Bumba 1958).
HPO is seen to produce a clear V-Stokes profile and should be more free of scattered light than the visible-light
lines. At the time of writing we do not have an accurate Land. g value for HP§. The nearby line of Ca 1 12816,
with a g = 1.25, allows simultaneous field measurement at the photospheric level. In addition, HPI3 ought to be
a good field diagnostic in prominences.

5. Acknowledgements

We are grateful to Dick Joyce for restoring Babo's health. Without excess incrimination, he also repaired the
physical damage after I accidently dropped it. Doug Rabin supplied the IR waveplates and polarizers, together
with advice on their use. Claude Plymate refreshed us on the necessary cryogenic techniques. Finally we thank
both Doug Rabin and Sami Solanki for helpful discussions regarding the profiles.
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Discussion

Henoux: What is the depth of formation of the two 1.5 p lines you used?

Bruls: As far as 15648A is concerned I find the r;o = 1 point is located at heights varying from +20 km in
the umbra to +110 km in the quiet sun model.

B. Lites: Do you know if the actual Zeeman splitting pattern in the l.5p lines departs from that predicted
by LS coupling?

S. Solanki: For the g = 3 line LS coupling ought to be a good approximation according to Litzen (1976).
However, if memory serves me right, for the other line the Landi factor on one of the levels appears to differ
significantly from the LS coupling value. Therefore,the Zeeman pattern may also differ.

J. Staude: I have a comment concerning possible interpretations of the observed reversal of the V profiles
near the line center: From line formation theory it is known that the effect occurs already in a homogeneous
magnetic field with a sufficiently strong transverse component, if anomalous dispersion is correctly taken
into account. The effect can be increased by various mechanisms: (1) the action of line scattering in the
reemission instead of pure absorption only; (2) a gradient of the azimuth of the transverse field component
along line-of-sight (if the sign is suitable, the Faraday rotation is increased, otherwise it is reduced); (3) the
rather sophisticated model of unresolved small magnetic fields with opposite polarity.

E. Landi: Could you give an estimate of the ratio between the occurrence of "funny" V profiles and the
occurrence of "regular" V profiles in your data?

Livingston: Abnormal V profiles are relatively rare in the total data set. However, once a region is found
containing one irregular profile, I have the impression that more will likely occur over that area.

J. Stenflo: If one looks carefully at our FTS recording of the 1.6 pm region with 5 arcsec spatial resolution
and long time integration, we see a deformation or "notches" of the core parts of the Stokes V profiles of the
9 = 3.0 line, for which you saw frequent cases of sign reversals around the line core. This was observed both
at and off disk center. Such a deformed Stokes V profile might result from an average of individual profiles
of your type. We (Zayer et al., Astron. Astrophys., 1989) have tentatively suggested that this effect is due
to weak flux surrounding the strong kilogauss flux tubes.

S. Koutchmy: This is just a tentative comment, but I think it is justified by the quality of your data and
excitation they induce. It seems that your S/N ratio and speed of recording would permit you to build time
series suniclent for looking at MIHD waves propagating in the flux tube region, not only in Doppler mode.
but especially in magnetic modes. It would be so nice to see magnetic waves or oscillations which are needed
to heat the high photosphere and the low chromosphere above flux tube region.
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Summary. We have measured magnetic field strengths in a small sample of plages from Stokes
V spectra of two Zeeman-sensitive iron lines near 6388 cm- 1 (1.565 jAm). The detected fields
are strong (_ 103 gauss), but their strength varies significantly from feature to feature. The in-
dividual a-components are broader than an average quiet-Sun line profile; if this broadening is
primarily magnetic, there is typically about a 20% range in field strength within a 2-arcsecond
resolution element. These observations represent the first stage of a project to build a near-infrared
magnetograph that will produce two-dimensional maps of local magnetic field strength in the low
photosphere.

1 Introduction

Almost two decades ago, inconsistencies between the apparent field strengths indicated by
different Zeeman-sensitive lines in the visible spectrum led to the hypothesis that the photospheric
magnetic field outside of sunspots is characteristically concentrated into subarcsecond fluxtubes
of strength B [-g I Z 103 gauss (Howard and Stenflo 1972). Since that time, fluxtubes have
come to occupy a central place in theoretical models of the magnetic solar atmosphere. Recent
observations, particularly those employing a Fourier transform spectrometer, have led to detailed
empirical models of single fluxtubes (Keller et al. 1990a) which complement theoretical models
of increasing sophistication (Steiner and Pizzo 1989). However, some questions call out for two-
dimensional maps to provide a large sample of fluxtubes the properties of which can be related to
the larger magnetic and thermal environment. For example, what is the distribution of peak field
strengths among fluxtubes? How different are the distributions in different environments, such as
old network, enhanced network, or within active regions? Do the thermal properties of fluxtubes
differ systematically between regions?

Conventional solar magnetogr4 phs employing a single spectral line cannot distinguish a 1000-
gauss field occupying 10% of a spatial resolution element from a 100-gauss field with 100% filling
factor: magnetographs usually measure magnetic flux rather than magnetic field strength. It

'Operated by the Association of Universities for Research in Astronomy, Inc. (AURA) under cooperative agreement
with the National Science Foundation
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is easier to make direct measurements of field strength in the infrared because Zeeman sr ' -.ing
increases as A2 while thermal broadening increases only as A. Single-element infrared measureients
by Harvey and Hall (1975) and by Stenflo, Solanki, and Harvey (1987) have verified that kilogauss
fields are normal in active network elements. However, relating individual measurements to the
large body of knowledge built on imaging observations requires, in practice, an instrument based
on an array detector. The observations reported here were obtained with a breadboard version of
such an instrument, a Near-Infrared Magnetograph (NIM). Although labelled a magnetograph for
lack of a better term, its primary goal is to measure intrinsic field strength rather than magnetic
flux.

2 Observations

The 0.8-m east auxiliary telescope of the NSO McMath Telescope was used in conjunction
with the 13.7-m vertical spectrograph and the NOAO 58 x 62 indium antimonide array camera
(Fowler et al. 1985) to obtain circularly-polarized spectra of two Zeeman-sensitive iron lines near
1.565 ;pm. The lines are Fe I 6388.64 cm-1 (e 71D, - 3d 64s5p 7D1, Land6 gef = 3.00, Xe = 5.36 eV)
and Fe I 6386.85 cm- 1 (f 7D5 - (9/2)[7/2]0, g.y = 1.53, Xe = 6.25 eV) (Solanki, Bi~mont, and
Miirset 1990). Both lines are formed in the low photosphere (the adjacent continuum lies in the

opacity minimum).

The angular and spectral scales were 0.58 arcsec pixel-1 and 0.072 cm-1 pixel 1-. The angular
resolution in the spectra was limited by seeing to about 2 arcsec. The width of the entrance slit
(200 pm) was matched to the pixel size in the spectral direction, yielding a spectral resolution (two
pixels) of 0.14 cm- 1 .

Images were taken alternately in states of left and right circular polarization using a fixed A/4
plate followed by two ferroelectric liquid crystal (FLC) bistable retarders (Patel and Goodby 1987)
and an infrared (HR-type) polaroid. The optical train in front of the slit is shown in Figure 1. In
practice, another A/4 plate followed the analyzer to produce circularly polarized light; although
not strictly necessary, this ensures that the throughput of the spectrograph (which is sensitive to
the state of linear polarization) will be the same each time the instrument is used. The two states
of each FLC have the same retardance (A/4), but the direction of the fast axis switches by 45*.
Two units with matched orientation were used in series because we could not obtain a single unit
with A/2 retardance.

The infrared imager controlled the overall synchronization by issuing a TTL-level signal which
triggered the FLC voltage controller; the imager paused for 150 ps following the TTL signal to
allow the retarders to change state and stabilize, after which the detector integrated for 30 ms.
The system acquired fifteen circular-polarization pairs per second. Forty pairs were stored in
memory and then written to disk. The computer could not co-add pairs in real time fast enough
to reduce seeing noise, so polarization pairs were averaged during data reduction.

On 27 January 1990 (1800-2000 UT), we observed active region NOAA 5900 near disk center.
The slit was oriented east-west (terrestrial). The NIM is intended to acquire spectra covering two
spatial dimensions by precisely scanning the solar image across the entrance slit of the spectrograph.
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Figure 1: Polarizing optics in front of the spectrograph slit. FLC = ferroelectric liquid crystal, a
two-state retarder in which. the the fast axis switches between the orientations indicated by f, and
f2. P = polaroid analyzer.

In the breadform setup, however, the slit was positioned manually. Ten settings in the active region
were made, beginning with a position in which the following spot appeared near one edge of the field.
For 'each subsequent setting, the slit was displaced along its own 36-arcsec length by about 20 arcsec
toward the leading complex, providing spatial overlap between successive fields. The trajectory of
the slit was chosen to avoid any small spots and pores between the leader and follower. Either forty
or eighty polarization pairs were taken at each setting.

3 Spectra

Figure 2 displays spectroscopic images from four consecutive slit settings that progressed across
the polarity inversion line of the active region. Because the slit was moved manually, the spatial
overlap of the spectra is not perfectly regular. The larger frequency splitting of the 6388.6 cm- 1

(g=. = 3.0) line is evident.

Three conclusions emerge from examination of the images. First, where the polarization signal
is well above the noise, the corresponding magnetic field is strong, B ? 103 gauss. Second, the
field strength is not the same in all features: compare the features labelled B and C in Figure 2.
Third, features with approximately the same field strength can have markedly different amplitudes:
compare features A and B.

We illustrate these conclusions with one-dimensional spectra by integrating over the spatial

extents of the labelled features (guided by the appearance of the feature and consistent with the
estimated seeing). Figure 3 (left) compares two features with noticeably different field strengths, B
ý 1600 gauss and B •. 1100 gauss (the next section discusses the measurement of field strength).
Figure 3 (right) compares two features that have similar field strengths but V amplitudes that
differ by more than a factor of two.
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Figure 2: Spectroscopic images from four consecutive slit settings that progressed westward across

the polarity inversion line of NOAA 5900 (clockwise from upper left). Wavenumber increases from
right to left; east is toward the top.
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Figure 3: Left, features with different fields strengths (solid: feature B; dashed: feature C (with
polarity reversed). Right, features with similar field strengths but different V amplitudes (solid:
feature A; dashed: feature B.

To first approximation, the amplitude of the V profile, Av = 0.5(Vm.,x - V,,.i,,), is proportional
to A = 77a cos-1, where a is the area filling factor, ,7 i the icliiiatiowx uf the magnetic field to the line
of sight, and q is the strength the absorption line would have in a feature of the same temperature
and pressure but without a magnetic field (desaturation and other radiative transfer effects must
also be considered in principle but are ignored here for simplicity and because the lines are relatively
weak). The filling factor is perhaps the dominant influence on the V amplitude in a statistical sense
because the present high-excitation lines are relatively insensitive to temperature (Muglach and

Solanki 1991) and because buoyancy drives an isolated flux tube to a vertical orientation (Spruit
1981). However, within the small sample of features considered here, we cannot assess the relative
importance of the several factors that affect the V amplitude.

4 Preliminary Analysis

Let Avv be half the frequency splitting between the two Stokes V "peaks" (positive and
negative extrema), AvD the doppler width of Stokes I, and AVB the true frequency separation
of eacb Zeeman component from the nominal line center. 2 When AVv Z I.54L'D - the strong
splitting regime - then Adsv s., AZ/B, and, therefore, Avv directly measures B through the Zeeman
relation AvB = 4.67 X 10-l gffB; the V amplitude is independent of B. When AvV ,< AVD - the
weak splitting regime - then AvV -- AŽD independently of B; but the V amplitude decreases as

B decreases.

A simple, empirical approach to extracting field strength B and amplitude factor A from
Stokes V spectra is to calibrate the relationships between Awv and AVB and between AvV and Av
by numerically splitting an observed Stokes I profile. This technique is just the extension to full

'Stokes I is nornffalized to unit continuum intensity, so V V/I.
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Figure 4: Synthetic V profiles used for calibration.

Seares profiles of the usual calibration method for magnetographs with discrete exit slits. Figure 4
shows synthetic V profiles derived in this way from a mean quiet-Sun I spectrum (weak lines that
contaminate the two lines of interest were fitted and removed before splitting was introduced). 3 The
advantage of this approach (besides simplicity) is that it avoids the use of theoretical line profiles,
which may have the wrong shape and which must be adjusted for the optical transfer function of
the spectrograph. The obvious disadvantage is that the empirical I profile, typically a mean profile
from the quiet Sun, cannot account for changes in the strength or width of the line inside a magnetic
feature. Ignoring possible changes in strength is justified in this preliminary analysis because the
lines are insensitive to temperature and because the primary goal is to measure Zeeman splitting,
which is insensitive to line strength in the strong-splitting regime. The widths of the individual V

components are discussed below.

Figure 5 shows calibration curves derived from Figure 4. Plotting apparent field strength,
Bapp = 2.14 X 104 1Avv/9eff, in place of the raw frequency splitting Avv, we see that the transition
between quasi-strong splitting (for which B8 p. and Btr, differ by < 20%) and weak splitting takes
place over a fairly narrow range in field strength (again about 20%). For the 6388.6 cm- t line,
the calibration is usable down to Btrue ;: 650 gauss. For fields strong enough to allow reliable

determinations from both lines (B , 1600 gauss), comparison suggests an external uncertainty of

3Figure 4 is not a synthetic V spectrum because the frequency splitting is the same for both lines, which have different
Zeeman senstivities; this is taken into account in the derived calibration curves.
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about ±7%.

We are currently testing an elaboration of this measurement technique that retains its em-

pirical character. Instead of measuring -Avv and Av and then entering calibration curves. w, use
nonlinear fitting to determine the splitting and amplitude of the Zeeman c,,mponents. Each itpra-

tion generates a full V profile (by numerically splitting and renormalizing the I profile). wh!<ih is

then compared in a least-squares sense to the observed profile. In addition, a "three-point approx-

imation" to line broadening is included by replacing the nominal I profile with three components

of the same shape. The two outlying components are separated symmetrically from the central

component by Avv to be determined in the fitting; the relative amplitude of the secondary compo-

nents is fixed at a value 0.607 times the amplitude of the primary comonent (0.607 is the ordinate

of a gaussian with unit amplitude at abscissae ±la).

Figure 6 shows an example of the fitting. With no broadening added to the nominal I pro-
file, the individual Zeeman components are clearly too narrow. In the fit with broadening, the

secondary components are split from the primary component by the equivalent of ±330 gauss. a

±21% spread relative to the mean splitting (1540 gauss). Of course, this crude approximation

makes no distinction between Zeeman and additional4 Doppler broadening. In principle, the differ-
ent Zeeman sensitivites of the two lines allow magnetic and thermal broadening to be distinguished.

In the present data, only the strongest measured fields can be tested. For this very small sample,

Zeeman broadening alone produces better fits than Doppler broadening alone, consistent with the

conclusion reached by Zayer, Solanki, and Stenflo (1988) in a detailed analysi, of FTS data.

'beyond the turbulent broadening implicitly included in the reference I profile
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Figure 6: The results of nonlinear least-squares fitting, indicating the need to broaden the individual
Zeeman components. Solid: observed profile. Dashed: fitted profile with Zeeman broadening.

Dotted: fitted profile without Zeeman broadening.

5 Conclusion

The sample of features in Figure 2 is too small to reveal the joint distribution of points in
the B-A plane. However, the spreads of B and A are separately significant. The measured field
strengths span the range 800-1600 gauss. This is substantially larger than the range (< 300 gauss)
inferred by Stenflo and Harvey (1985), who applied the A5250.2/A5247.1 line-ratio method to a

sample of magnetic regions which spanned a factor of six in magnetic flux. Keller et al. (1990b)
applied the same technique to narrowband filtergrams and concluded that their observations were

compatible with a unique magnetic field strength in small-scale magnetic elements.

The present infrared observations are not compatible with the hypothesis of a unique mean
field strength in plage fluxtubes.

One of the main goals of the NIM instrument, when it is fully operational in scanning mode,
will be to relate the joint distribution of B and A to cospatial and cotemporal images. such as

(conventional) magnetograms and chromospheric filtergrams.

Although the present data have lower spectral resolution than is desirable for analyzing ther-
mal properties, the Zeeman components are nonetheless detectably broadened. In conjunction

with other observations that place limits on the Doppler broadening in magnetic elements (Zayer,
Solanki, and Stenflo 1988), it should therefore be possible to discover how much the magnetic field
distribution within a fluxtube can vary from element to element.
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Speaker: Rabin

Discussion

S. Solanki: We have calculated the g = 3 line in models with different temperatures and have found it to
be relatively temperature insensitive. I can't say off-hand what its sensitivity actually is, but it is less than
half as sensitive as Fel 5250.2A.

S. Koutchmy: On your last graphs you presented very nice measurements using the strong-field case
(splitting). What about weaker fields? Why not use the same method (measure th" amount of polarized
light) as in the optical region (see the J. Jefferies contribution).

D. Rabin: Techniques developed for weakly split lines in the visible can and should be applied to infrared
lines, particularly if all the Stokes parameters are measured. This should allow weaker magnetic fields to be
detected if they are present.

D. Deming: Do you see any weaker fields, i.e. less than - 800 gauss?

D. Rabin: Not in the small sample of data we have so far.

J. Stenflo: The effect of Zeeman and Doppler broadening of the sigma components could be separated
in the FTS data by comparing two Fel lines of different Zeeman sensitivities. The Zeeman broadening
would be explained entirely in terms of the field strength variation along the line of sight, resulting from the
divergence with height of the field in self consistent hydrostatic flux tube models.



Section 4

Physical Interpretation

chair: A. Skumanich
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DIRECT INFERENCE OF MAGNETIC FIELD VECTORS
FROM STOKES PROFILES
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In a publication by Jefferies, Lites, and Skwmanich (1989) - here referenced ,S - it was shown that procedures could
be developed which, in certain cases, would allow the inference of approximate values of the magnetic-field vector
directly and simply from measured profiles of the Stokes parameters (I, Q, U, V) across a magnetically sensitive
spectral line. The procedures were based on the so-called "weak-field" approximation (WFA) and were embodied in
equations (55) and (56) of TLS which may be written:

IVbCOSY V/(dj) (la)

tvb.csin =- H(atv)W +U)11 / -dl

2 IH"(a,v) /dv

tan 2Z= U / Q (lc)

In these equations, y and X are respectively the polar and azimuthal angles of the field vector in a reference frame
where the vertical axis is along the line of sight and the axes in the x, y plane are arbitrarily established by the
observer. The parameter v is the normalized line frequency (AV/WAVD) measured from the line center in units of the

Doppler width AVD; H ', H " are the derivatives, with respect to v, of the Voigt function

H (a.v); a is the usual damping constant; and vb is the line splitting in units of the Doppler width, i.e.,

eBg~ ~~,,
Vb = 4 ,(_L) = eftI X (2)

4imm Av.)47mnc'AA~D

with B the field strength and gL the Lande factor for the spectal line.

The results (1) were derived on the assumption that Vb < 1 (i.e, that the field B was "weak" in that sense) in which

case the transfer equations for the Stokes parameters simplify greatly and require the conditions embodied in
equations (1) for consistency. They also were based on the assumption that the parameters determining the Stokes
vector do not change strongly with depth (except for the LTE source function B(x). which may change arbitrarily
with optical depth "). To the extent that these approximations are valid, equations (1) apply at all frequencies across
the line (and at all depths, too, although this is of less immediate interest). A considerable redundancy is potentially
available, then, for determining the (assumed constant) value of the field vector from measurements of I. Q, U, V

" Operated by the Association of Universities for Research in Astronomy, Inc. (AURA) under cooperative

agreement with the National Science Foundation.



374 J. r. Jeffertes, D. L. Afickey

across a line. This redundancy may be used - as was done by Ronan, Mickey, and Orrall (1987) - to combat the
inevitable noise in the often - weak polarization signals by using wavelength-integrated values of the Stokes
parameters. In practice we can expect to find that inferences of the field vector made from data at different positions
in the line do not always yield consistent results - and this will bring the assumption of depth-independence into
question. Indeed the asymmetry in the Q, U, and V profiles, which is almost invariably seen in observational data.
is a clear indicator that that assumption will normally be wrong. More positively, however, such variations may
open a path for inferring the depth gradient in the field vector.

This study pursues the limits of applicability of the weak-field approximation. The more general methods
involving non-linear least-squares fitting to special solutions of the Stokes transfer equations - see, e.g., Skumanich
and Lites (1987), Keller et a[ (1990) and references cited therein - appear to give the best approach for inferring strong
fields in the line core. They are, however, demanding computationally and impractical for on-line reduction. We
might hope, then, that the WFA will turn out to be of sufficiently broad application to provide a "quick-look"
assessment as data is being gathered, as well, perhaps, as giving a good starting value for more sophisticated
approaches.

Our approach is consistent with that hope. We first show that the WFA can indeed be applied for very muci
stronger fields than was previously believed the case, provided we work at wavelengths away from the immediab
vicinity of the line core. For a broad range of circumstances which may be commonly encountered on the sun,
then, simple algorithms can indeed be found for obtaining values of all three components of the vector field directly
and simply from the Stokes parameters. The expressions we obtain are essentially equivalent to equations (1). For
the line wings they take the explicit forms

Bcos y =2. x 1012 (•VI- gauss, (3a)

8sin y 2.5 x 1012 [A (Q2 + U2)1 2 11/2 gaussg7,7 -2 /' gaus I3b

where wavelengths are measured in A. The azimuth angle X is again given by

tan 2X = U/Q (3c)

We should note, particularly, that application of these expressions requires no prior knowledge of the line strength,
damping constant, doppler width, or depth dependence of the Planck function. The accuracy of these expressions
decreases as the field strength increases, however they still remain valid at about the 80% level for fields as strong as
3 5 0 0/gL gauss. Our theoretical discussion suggests that, by a simple calibration of these expressions, the

systematic loss of accuracy with field strength can be corrected to yield a significant increase in the accuracy of
estimating field strengths or, strictly speaking, of magnetic fluxes.

The theoretical results have been applied to determine the field vector, for a typical situation near a sunspot, using
observations of the Stokes profiles of some Fe I lines (near 6300A) obtained with the spectropolarimeter at the Mees
Solar Observatory on Haleakala. The consistency found in the results of this application is reassuring and suggests
that the approach may be broadly applicable both to high-resolution (spectrographic) polarimeters and to lower
resolution imaging systems based, e.g., on monochromatic filters.

A full description of this work has been submitted for publication in The Astrophysical Journal.
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Discussion

J. Stenifo: It seems to me that the weak-field approximation has already been included and used in previous
calibrations of vector magnetograph observations, going back to the work of Stepanov and Severny in 1962.
dl/dA was derived from artificial or known displacements of the line used in the magnetograph. For practical
reasons this calibration could not be done for each single spatial point of observation, since Stokes profile
measurements were not available, but the philosophy of the weak-field approximation was the underlying
foundation of interpreting the observations.

J. Jefferies: Perhaps I have misunderstood your question, but I can only say that I do not see howv
any calibration of the transverse field could possibly have been in 1962 since the relationship xpressed in
equation (1b), or (3b), was first published in 1989 in the paper by Jefferies, Lites, and Skumanich. Indeed
the usual belief - see e.g. your paper at the Huntsville conference ("Measurements of Solar Vector Magnetic
Field", NASA SP 2374, 266) has been that the transverse field depended on the second derivative of the
line intensity - rather than the first derivative as our analysis has shown must be the case in the weak-field
approximation. In these circumstances I cannot see how Stepanov and Severny could have had a basis for
quantitative calibration.
The weak-field form of the longitudinal field has, of course, been known for a long time and has been used
universally for calibration purposes. In fact the Landi's derived the expression in more generality well before
our paper did but in much the same way - see their article in Solar Physics 31, 299.

M. Semel: Magnetographs, in the past, used to be calibrated by a standard line profile (or its measured
derivative at a particular wavelength). In the present proposal, one should use the actual derivative of
the line profile measured at the observed solar point. The longitudinal component of the magnetic field is
obtained independently of the field strength by the "center of gravity method", i.e., by measuring the first
moment of V and dividing by the equivalent width of the line. The application of the integral method to the
linear polarization depends only on the line broadening parameter. This last may be determined by using
several lines of different factors.

J. Jefferies: The basic expression (3a) can be integrated at once to give

B Cos7 1.05. 1012 IVIdA

which expresses the longitudinal field in terms of the ratio of the first moment of IVI and the depth of the line
at its center. This form is exact in the weak-field limit and requires no knowledge of atomic or atmospheric
parameters (other than the Land6 factor) to apply.

Ronan, Mickey, and Orrall used a variant of this by replacing the line depth by the equivalent width, in the
belief that this would reduce the error introduced by the noise in the data. Their expression is, however,
no longer exact (in the weak-field limit) and the calibration constant will depend on such parameters as the
line strength, damping constant, and Doppler width - as you say. Whether the attendant uncertainty thus
introduced compensates for the potential error in estimating the central depth of the line I cannot say.
This whole question is discussed in detail in the paper by Jefferies, Lites, and Skumanich,

E. Landi: There is an important difference between the two formulae presented for the longitudinal and
transverse, component of the magnetic field. The first is more general, as it is valid also when velocity
gradients are present and when there are variations with depth of the thermodynamical parameters (Doppler
broaJening, damping constant). On the contrary, the second formula is valid only for a static atmosphere
with constant Doppler broadening and damping.

J. Jefferies: I agree. You pointed this out some years ago (Solar Physics 31, 299, 1973). The expression is
very robust indeed.
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Abstract
We present a comparison of solar magnetic fields calculated using the weak field equa-

tions of Jefferies, Lites, and Skumanich and the least squares fitting method of Skumanich
and Lites. The two calculations used Fei 6302 data from June, 1985, and are found to
agree quite well up to at least 1200 G.

I. INTRODUCTION

Recently, Jefferies, Lites, and Skumanich (1989, hereafter JLS) derived simple expres-
sions for calculating the vector magnetic field from observations of the Stokes profiles in
the weak field limit. Further study by Jefferies and Mickey (1990) demonstrated the prac-
ticality of this method for solar observations. In this work, we further test the method by
comparing a large range of magnetic field strengths derived using both the JLS method
and the least squares fitting method of Skumanich and Lites (1987, hereafter SL). For this
purpose, we use data obtained in 1985 at the Mees Solar Observatory, Haleakala, Hawaii.,
which is the same dataset utilized by Ronan, Mickey and Orrall (1987, hereafter RMO) to
compare the integral reduction method to the SL least squares fitting method.

The equations of JLS are straightforward to apply, with the only difficulties arising
in the calculation of the derivative of the Stokes I profile and the line center wavelength
position (particularly in dark sunspots). In §1I we discuss the reduction method we have
used, and in §III we demonstrate the method and compare the results to those obtained
using the SL code.

II. DATA REDUCTION

JLS give the following equations relating the magnetic field to the observed Stokes
profiles:

4irmc2  V
Bcos7 = egLA 2 dI/d(AA) (1)

and

B sin8-rmA2  H, H' 1/2 ( (Q2 + U)/A / 2Bsin = �9 vH" dI/d(A&) ) (2)

= tan-' (3)
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Here, I, Q, U, and V are the Stokes profiles, dI/d(AA) is the derivative of the Stokes I
profile with respect to the wavelength measured relative to line center, H' and H" are the
first and second derivatives of the Voigt profile with respect to v (the frequency measured
relative to line center in units of the Doppler width), B is the total field strength, and -.

is the polar angle and 6 the azimuthal angle of the field. To implement these equations,
we need, in addition to the Stokes profiles, the derivative of the I profile, the wavelength
position of line center, and the first and second derivatives of the Voigt function.

To calculate the derivative of the I profile in the presence of noise, we have followed
the suggestions of Craig and Brown (1986) and have converted the calculation of the
derivative to an integral equation which can, in turn, be converted to a smoothed matrix
equation using the method of second order regularization. This makes the calculation of
the derivative much less sensitive to the noise. With the derivative equation converted to
the integral equation

fA(dI) dy I(A A) -I1(),

the matrix equation for the derivative is

K \d(A) = o = K-'.f

and the smoothed matrix equation is

(KTK+a)d K T. (4)(KT + ll)d(AA)

Here, K is a lower triangular matrix which, when inverted and applied to a data vector,
gives the first order finite differences, and KT is the transpose of this matrix. H is a
smoothing matrix which finds the most linear derivative consistent with the data, a is a
parameter which controls the amount of smoothing, f is the Stokes intensity profile as a
function of wavelength, and dI/d(AA) is the derivative we seek. Since the matrix on the
left side of equation (4) does not depend on the data, it need be inverted only once, and

the inverse applied to KTI for each profile for which the derivative is calculated. Note
that when a is zero, the finite difference solution is regained and when a is large, a linear
derivative is obtained (i.e. the derivative of the best fit to a parabolic I profile). In practice,
a is computed by comparing the magnitude of the observational errors inherent in the data
with the sum of the residual error incurred by introducing smoothing and the error due to
the instability of the inversion, determined by the scatter present in the inversion of many
random realizations of the Stokes I vector. This procedure avoids potential problems of

oversmoothing in the solution (Metcalf et al, 1990). For the RMO dataset described below,
the solution is very insensitive to the choice of a; we used a value of 10, but values of 1 and
100 were found to give almost identical solutions. The smoothing obtained by inverting
equation (4) is quite helpful in reducing the noise in the derivative; however, we have found
the RMO dataset to be good enough that magnetograms derived without smoothing are
reasonably accurate.
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To find the position of the line center, we fit the minimum region of the I profile with
a parabola. However, inside sunspots this method fails and we have taken line center as
the wavelength intermediate between the peaks of the V profile.

Finally, Jefferies and Mickey have shown that the combination of the derivatives of
the Voigt function in equation (2) is practically constant in the wings of the line regardless
of the values of the Doppler width and Voigt parameter chosen. For generality, however,
we have used the algorithm of Humlicek (1982) to compute this function exactly since it
is computationally expedient.

III. COMPARISON OF DATASETS

The RMO data used were obtained on June 8 and June 10, 1985. with the Haleakala
Stokes Polarimeter (Mickey, 1985) and consist of the four Stokes parameters for the
FeI 6302.5 photospheric line rastered over a 150" x 150" field of view. The point-wise
observations have a 6" instantaneous field of view with a 3.3 s integration time at each
point. The red and blue sides of the line were averaged, and the derivative of the I profile
was computed 110 mA from line center. Except in the sunspots, this point was far enough
in the wings to allow the use of the weak field equations, yet still had sufficient polarization
to give a good measurement of the field.

In Figures 1 through 4, the longitudinal and transverse fields and the polar and az-
imuthal angles derived using the JLS and the SL methods are compared, with the field
from the SL method on the horizontal axis and the field from the JLS method on the
vertical axis. The field parameters are consistent (±100 G) up to a field strength of at
least 1200 G. In Figure 4, the 180 degree ambiguity in the azimuthal angle was accounted
for by adding or subtracting multiples of 180 degrees from the value found with the JLS
method until it was as close as possible to the value from the SL method. We have not
used the scattered light correction in the SL analysis, since this correction is not included
in the JLS method as formulated.

In Figures 1 and 2, the data points with longitudinal/transverse fields from the SL
method falling between 1500 and 2000 G are within a sunspot where the line splitting
was relatively large. At 110 mA, the weak field approximation is not valid for these field
strengths, and the JLS method requires data further out into the line wings for a reliable
calculation of the field strength. Unfortunately, a blend on the red side of the Fe 16302 line
interferes with the calculation and only the blue side can be used beyond 125 r-A. Thus, it
is not useful to look further into the wings of this line since the averaging of red and blue
sides of the line cannot be accomplished, and line asymmetries conspire to make the field
uncertain. Eliminating the fields derived from within the sunspots yields the comparison
shown in Figures 6 and 7.

IV. CONCLUSIONS

1. Fields derived with the JLS method compare very well with those derived with the
SL method and require much less effort to obtain, suggesting that the JLS formulae
will be very useful in analyzing Stokes profiles. The method may, in fact, be optimal
for imaging type magnetographs which sample the full Stokes spectrum only sparsely.
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2. Within sunspots or other strong field regions, the derivative of I must be calculated
further from line center than in the weaker field regions. Due to the blend, this is not
possible with the Fei 6302 line and hence this line is not ideal for use with the JLS
method.
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Magnetic Field Parameter Compnarison
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Fig. 1 A comparison of the longitudinal magnetic field strengths derived from the SL
least squares method (horizontal axis) and the JLS derivative method (vertical axis). The
large scatter at high field strengths is due to the difficulty of determining the derivative of
I in sunspots when using the Fei 6302 line.
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Mo netic Field Parometer Comoarison
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Fig. 2 A comparison of the transverse magnetic field strengths derived from the SL

least squares method (horizontal axis) and the JLS derivative method (vertical axis). The

large scatter at high field strengths is due to the difficulty of determining the derivative of
I in sunspots when using the Fei 6302 line.
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Magnetic Field Parameter Com~arison
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Fig. 3 A comparison of the polar angle (angle from line-of-sight) derived from the

SL least squares method (horizontal axis) and the JLS derivative method (vertical axis).
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Mo netic Field Parameter Compcrnson
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Fig. 4 A comparison of the azimuthal angle derived from the SL least squares method
(horizontal axis) and the JLS derivative method (vortical axis).
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Magnetic Field Parameter Comparison - No Soot
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Fig. 5 A comparison of the longitudinal magnetic field strengths derived from the SL
least squares method (horizontal axis) and the JLS derivative method (vertical axis) after
excluding the data from the sunspot. The agreement between the two methods is good up
to at least 1200 G.
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Transverse Field: Unno fit

Fig. 6 A comparison of the transverse magnetic field strengths derived from the SL
least squares method (horizontal axis) and the JLS derivative method (vertical axis) after
excluding the data from the sunspot. The agreement between the two methods is good up
to at least 1200 G.



386 T. R. Metcalf et al

Discussion

J.C. del Toro Iniesta: Have you tried to use the Fourier technique to derive the I derivatives' Allv
smoothing procedure implies some losses in high frequencies (not only noise).

T. Metcalf. No. There are many techniques for smoothing the inversion problem; Fourier techniques should
work as well.

B. Lites: What might you expect to be the effect of degraded spectral resolution on the results of this
method?

T. Metcalf: We have not yet investigated this question, but it is clearly an important consideration -nd
we will be looking into it.

S. Keil: Do you have some good unblended candidate lines in mind for applying this technique?

T. Metcalf: 6302.5A.
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Inversion of Stokes V Profiles:

The structure of solar magnetic fluxtubes and its dependence on the filling factor

C.U. KELLER, S.K. SOLANKI, J.O. STENFLO, I. ZAYER

Institute of Astronomy

ETII-Zentrum, CH-8092 Ziirich, Switzerland

Summary: We present results from an inversion procedure that derives the temperature stratification. the turbulent

velocity, and the magnetic field strength of the photospheric layers of magnetic fluxtubes from observed Stokes V

spectra near disk center. In a first step the inversion has been applied to 10 Fe and Fe ii Stokes V profiles of a plage

and a network region to obtain reliable models of the fluxtubes. In a second step the dependence of the fluxtube

structure on the filling factor has been studied with spectra of 3 Fe lines from 23 different regions based on the

models derived in the first step. We find a temperature excess at equal geometrical height in the upper photosphere

with respect to the quiet photosphere and a deficit at the level of continuum formation. There the magnetic field

strength is on the order of 2000-3000G and turbulent velocities are considerably larger in the fluxtubes than il

the quiet photosphere. Fluxtubes are found to become cooler and their field strengths, at a given optical depth. to

become larger as the filling factor increases. The field strength stratification along the geometrical height axis, on

the other hand, is very similar for all the investigated regions. Some evidence is also found for a slight decrease of

the non-stationary velocity amplitude with increasing filling factor.

1. Introduction

Most empirical fluxtube structures have been obtained by fitting synthetic Stokes I spectra from simple fluxtube

models to observed facular spectra or by fitting the observed center-to-limb variations (CLV) of the continuum
contrast of faculae (see the review by Solanki, 1990). However, these attempts have failed in finding a unique model

that explains the observations and that is not heavily influenced by assumptions regarding the structure of the non-

magnetic atmosphere between the fluxtubes (e.g. Walton, 1987). The few models derived from Stokes V profiles

(Stenflo, 1975; Solanki, 1984, 1986) have the substantial advantage that the analysis can be performed independently

of the spatial resolution. However, these efforts have been limited to just a few solar regions due to their reliance in

the 1980s on FTS observations of a suitably large sample of carefully selected spectral lines. Therefore. comparatively

little is known about the dependence of fluxtube structures on the filling factor a, which is defined as the fraction of
the observed solar surface covered by strong magnetic fields. For practical reasons this type of investigation is best
carried out with a small number of spectral lines. The dependence of some fluxtube properties on a has previously

been studied by Stenflo and Harvey (1985). In Sect. 2 we present the inversion procedure, which is then applied to 10

lines of a plage and a network region near disk center (Sect. 3, see Keller et al., 1990, for more details) and in Sect. 4
to 23 spectra of different solar regions near disk center using only 3 lines (see Zayer et al., 1990, for more details).

2. Inversion procedure

The inversion of Stokes V profiles is based on the determination of a few model fluxtube parameters by a Icast-
zquares fitting algorithm. The fluxtube model used is the thin tube approximation (e.g. Roberts and Webb, 1978).
The use of more elaborate modets oes not introduce any qualitative difference in the resulting fluxtube structures
when using spectra from disk center (Keller et al., 1990). The free parameters of the models are the magnetic field

strength at optical depth unity inside the fluxtube B(-r) (subscript i denotes the atmosphere within the fluxtubes),
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the temperature as a function of the geometrical height, and the macroturbi•aeMt velocity as :1 ftunctilotU1! tll,- 1111,-
strength and the excitation potentiai. The microturbulent velocity is kept at a height indvpendept -1)f ýjI." kil
s-. The inversion is started with prescribed initial values for the model parameters from wti ch the corrt.-pjndimg
fluxtube model is calculated. Then the synthetic Stokes V profiles resulting from the fluxtube model are compared
with the observations. Based on this comparison improved model parameters are deriý-d 't, ha1e rsted !he
uniqueness of the derived fluxtube structures by starting the inversion with widely different tnitat values for th- free
model parameters. We always obtained the same final fluxtube structure, within the accuracy of the program whkch
strongly supports the uniqueness of our solutions. Our experience with codes of different levels of sophistication
lead to a rough estimate of the errors of the final code. They result in an uncertainty of IO0G In the magnietic field
strength, of 200K in the temperature stratification, and of 0.3kkm s-' in the macroturbulent ýelocity.

3. Fluxtube structure

We have applied the inversion procedure to the Fourier Transform Spectrometer observations of Stettflo et al. It!)l.

The selected data consist of the Stokes V profiles of 8 Fe i and 2 Fel1 lines in the range from 5000 to 5A00J A observed
in a plage and a network region near disk center. The true continuum contrast on the axis of fluxtubhs is not
well determined by observations, but has been chosen to be 1.3 for the plage and 1.4 for the network region. The
temperature stratification is parameterized at five grid points along the geometrical height scale.

The speed of convergence and the uniqueness of the solution of the iterative fit algorithm are determined by
the way in which the comparison between observed and synthetic Stokes V profiles is performed. In the ideal case a
set of 'orthogonal' observables is extracted from the observed profiles such that each of the corresponding synthetic
observables depends on only one fluxtube model parameter. By orthogonal Stokes V parameters we mean that
no two Stokes V parameters depend on one and the same fluxtube model parameter. Due to the extremely non-
linear response of spectral line profiles to changes in the model parameters, it is not possible to find an ideal set of
observables. However, it i- possible to find certain observables that are much closer to being *orthogonal to each
other than just the Stokes V profile values at various wavelengths. We anti-symmetrize all observed Stokes V profiles
around their zero-crossing, thus avoiding complicated models which can explain the observed Stokes V asymnietry
(Solanki, 1989).

The first observables that have been selected are the logarithmic ratios of the areas of the Stokes V wings of
the Fet lines to the Stokes V wing areas of the Fei1 5197.6kA line. Since strong Fet lines are formed higher in the
photosphere than weak Fei lines, the temperature structure can be determined over different height ranges, by using
Fe i to Fe u1 ratios with Fe i lines of different strength. In the present work we form the ratios of the Stokes V areas of
Fe! 5048.4kA, Fe! 5083.3A, Fe1 5127.7A, Fer 5247.1A, Fe1 5250.6A, Fe1 5294.0kA, Fet .5383.4A, and Fe u 5414 IA,
to that of Fetu 5197.6 A. Another observable is the well-known magnetic line ratio, i.e. the ratio of the Fe I 5247. 1 A to
the Fe 15250.2 A Stokes V amplitudes divided by the ratio of the corresponding Landd factors (Stenflo, 1973). Because
these two lines have nearly the same atomic parameters except for the Landi factor, their ratio is insensitive to all
model fluxtube parameters except for the magnetic field strength at their height of formation, the macroturbulent
velocity, and the angle of inclination. Stenflo et al. (1987) used the Fe1 5247.1kA and Fe[ 5250.6A lines to form
a thermal line ratio. These two lines have similar and not too large Land6 factors (2.0 and 1.5, respectively) and
similar line strengths in the quiet sun, so that they are affected by the magnetic field in much the same way. The
difference in the excitation potential of their lower levels (0.09 eV as compared with 2.20 eV) gives rise to the
substantial dependence of this line ratio on the thermodynamic properties of magnetic elements. To determine the
macroturbulent velocity in fluxtubes we use the full width at half maximum (FWIIM) of the Stokes V wings. The
temperature in the higher photospheric layers of fluxtubes cannot be deduced from Fe i to Fe i ratios, because these
observables are insensitive to temperature for strong Fei lines formed in those higher layers. Since Stokes I line
widths of strong lines are sensitive to the temperature we expect the wavelength separation of the Stokes V extrema
of strong lines to depend on the temperature as well (recall that V ,'- OI/OA).

In Fig. 1 the temperature (left panel) and magnetic field stratifications (right panel) of the plage (short dashes)
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Fig. 1 Fluxtube models for the plage (short dashes) and the network region (long dashes) compared with the

quiet photosphere (solid line) at equal geometrical height. The left panel shows the temperature, the right panel the

magnetic field strength.

and the network (long dashes) regions versus the geometrical height are compared with the quiet photosphere (soli'

line). The behavior of T(z) or T(r1 ) near ri = 1 (z = -165kkm) within the fluxtube should not be taken too literally.

since there is only a single observational data point below log ri = -1 (z = -65.km) to constrain the temperature

stratification, namely the continuum contrast. Bearing this and other constraints in mind, we feel that the present

fluxtube models are reliable only within the range -3 5 logri - - I (-63 km < : - 200kmi). The rnacrottirbulent

velocities of weak lines are comparable with the values measured from Stokes I profiles in the ,'ii'Žt photospliere

whereas for strong lines the velocities exceed the values found in the quiet photosphere by roughly 2 km s- 1 . It is

rather difficult to estimate the influence of possible errors and idealizations on the derived fluxtube structures. The

small set of grid points and lines, the assumption of horizontally homogenous temperature structures, LTE, and the

continuum contrast values are probably the most severe limitations. We feel that the combined microturbulence

and macroturbulence approach, the neglect of the angle between the magnetic field and the vertical, and the anti-

symmetrization of the Stokes V profiles play only a minor role.

4. Dependence on the filling factor

To investigate the dependence of the fluxtube structures on the filling factor we use data from three different sources,

namely the two FTS spectra used in Sect. 3, which contain the three chosen Fe lines at 5247.1 A, 5250.2 A, and

5250.6 A, the data obtained by Stenflo and Harvey (1985) with the vertical grating spectrometer of the Mc.Math

telescope, and data obtained with the Horizontal Telescope of the Arosa Astrophysical Observatory (HAT). The

latter consist of simultaneous recordings of the Stokes I and V profiles of the three selected lines. In total 23 spectra

obtained from regions of varying filling factors at p > 0.9 are analysed in detail.

We assume a geometrical height independent temperature difference, AT, with respect to the plage model from

Sect. 3, which is used as a reference. Note that by choosing an appropriate AT we can approximately reproduce the

network model from Sect. 3. Therefore the simple temperature parameterization introduced above can be regarded

as a rough interpolation between the temperature structures of magnetic elements in regions of quite different filling
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factors. Since Fei 5247.1 , and Fe l 5250.2 A are sufficiently similar only two free parameters for thc inacroturbuijrt

velocity are required, •macj for Fe! 5247.1 A and Fet 5250.2 A, and ,maC2 for Fei 5250.6 A The observables ,•xtract,,I
from the three lines are the magnetic and the thermal line ratio as well as the FWHM of the Stokes V wings of
the three lines. Note that the use of only one line ratio as a proper temperature diagnostic does iot allow -htable
information on further temperature parameters (eg. gradients) to be obtained in a straightforward manner

!000 ] ' ' ' r ' ' ' ' ' ' ' L3500 ' - . . .000r 00

600 °- 25-

S4.00 ...-.. o 2000 - 20 I
60 2500 2

E~ 200 0V.-io

a ~ V5000

-400 (a4 (b)

2.0 3-45 o

E 2.0 -- _ E 3.0 -
1.5 2.5
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0 - 1 .0r

0.5 -> > 0.5 (d(c) (d)
0.0 0.. . . . . , ... o o, . .

0 5 10 15 20 25 30 0 5 )0 )5 20 25 30

Model filling factor [ 7 ] Model filling factor [ 7 ]

Fig. 2 Results of the Stokes V inversion using three lines only. (a) Temperature difference with respect to
the plage model of Sect. 3, (b) field strength at continuum optical depth unity, (c) macroturbulence velocity of
Fe 1 52547.1 A and Fe 15250.2 A, (d) macroturbulence velocity of Fet 5250.6 A. All quantities are plotted as a function
of the filling factor as determined from the comparison of the observed and the synthetic spectra (stars: HAT; circles:
McMath vertical grating spectrograph; crosses: FTS). The dashed curves are smoothed spline fits to the data.

The resulting values of the four free model parameters are shown in Fig. 2 as functions of the filling factor, which
has been obtained from the ratio between the synthetic and the observed Stokes V amplitudes. Only those regions
are represented which yield sufficiently good fits. For the other spectra (generally with high noise levels) we do not
consider the derived atmospheric parameters to be reliable. Note the substantial decrease in temperature and the
simultaneous increase in the magnetic field strength with increasing filling factor. The small AT of the FTS plage
data suggests that the present inversion procedure gives results consistent with those of the more elaborate one of
Sect. 3 and increases our confidence in the simpler version of the inversion used here. The deduced macroturbulence
velocities decrease slightly with increasing filling factor, although a constant &mac2 cannot be completely ruled out.

ft is instructive to consider the behaviour of the temperature and the magnetic field of the best fit models along
the continuum optical depth axis, r5000, and also along the geometrical height axis. The temperature T(r,) and
the field strength B(rj) are plotted in Fig. 3a and b, respectively, while T(z) and B(z) are plotted in Fig. 3c and d,
respectively. The T(z) curves simply reflect the temperature parameterization. The difference between the T(:) and
the T(r.) curves is a measure of how strongly the continuum opacity is affected by temperature. The curves of the
magnetic field strength B(z) all lie very close together. The relatively small scatter of the B(:) curves derived for the
various regions is of the order of magnitude expected from the noise in the data and uncertainties in the inversion
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Fig. 3 Temperature (a) and field strength (b) as functions of log(r 5 000 ), and temperature (c) and field strength
(d) as functions of geometrical height, z, resulting from the inversion of Stokes V data (solid curves). The dashed
curves in a and c represent the temperature stratification of the quiet sun.

procedure. It therefore appears that magnetic elements have a unique or an almost unique fiel, strength at a given

height in the atmosphere. This is due to the strong evacuation of the fluxtubes in all the observed regions. so that the
derived B(z) curves all resemble the asymptotic case of a completely evacuated fluxtube for which B(z) is exclusively
determined by the pressure stratification of the surrounding non-magnetic atmosphere. The similarity between the
various B(z) curves is in striking contrast to the large variation of B(ri) in Fig. 3b. The latter is thus clearly induced
by changes of the optical depth scale and the heights of formation of the spectral lines due to temperature variations

alone.

Theoretical model calculations by Kn6lker and Schussler (1988) suggest that there are two possible explanations
for the dependence of the temperature wifhin fluxtubes on the amount of magnetic flux. Their models show that
fluxtubes grow cooler with increasing size. A decrease in temperature with a may, therefore, be due to a greater
average size of fluxtubes in regions with more magnetic flux. They also argue that fluxtubes could be cooler in regions
of larger magnetic flux due to the denser packing, even if their size remains unaltered. Unfortunately, the present
data cannot easily distinguish between the two proposed mechanisms. B(rn = 1) varies approximately from 2000 to
3000 G as the filling factor increases from 3% to 30%. However the field strength as a function of geometrical height
hardly varies at all with a. Since the temperature stratification changes with the filling factor, the variation of B(ri)
with a is a simple consequence of the a independent B(z) structure and the varying temperature stratification.

The amplitude of the non-stationary velocity within magnetic elements (simulated by macroturbulence) is found
to decrease somewhat with increasing filling factor. Thus it seems that the excitation mechanism for disturbances is
reduced in regions with larger a. One of the main proposed mechanisms for the generation of longitudinal waves is
the compression of fluxtubes by granules (Musielak et al., 1989). Observations indeed suggest that granular velocities
are reduced in active regions (Title et al., 1989), so that the efficiency of this mechanism is reduced as a increases.
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Measurement of Polarization-Dependent Stark Broadening as a
Diagnostic of Electric Fields in the Solar Atmosphere

T. Moran and P. Foukal

Cambridge Research and Instrumentation
Cambridge, MA, USA

Abstract

Electric fields play a key role in models of energy dissipation and charged
particle acceleration in flares, as well as other dynamic solar phenomena. An

instrument designed to observe the transverse (to the line of sight) component
of such electric fields has been constructed and installed at the . cm

coronagraph at Sacramento Peak. This "electrograph" measures the half~idt: of

Stark-broadened hydrogen emission lines as a function of polarization in the zky
plane. Thus, the instrument resembles a transverse magnetograph except ::at it

operates on Stark-broadened hydrogen emission lines in coronal structures rihe:

than on Zeeman-broadened absorption lines on the disk. ',,e describeý t7e

principles behind the instrument, its design, and some first data.

1. Introduction

While the study of magnetic fields in the solar atmosphere is a well established

field, electric fields on the sun have received scant attention. This is
explained partly by the belief that electric fields are weak on the sun, due tn
the high conductivity of solar plasmas, which tend to neu-•lize electric

potential differences over short time scales. However, models of charged

particle acceleration and magnetic energy dissipation in flares and other dynamic
solar phenomena indicate that substantial E-fields must be present, although

their intensity, time scales and associated plasma emission measures need to be
measured (see review by Foukal and Hinata, 1991).

The possibility of measuring electric fields in solar plasmas was first pointed

out by Wien (1916), in connection with motional electric fields associated with

the strong magnetic fields in sunspots. More recently, researchers have

attempted to measure electric fiells through helium and silicon line spectra.
Quadratic Stark shifts in neutral helium lines in flare emission suggest fields

of 700 volt/cm (Davis,1977). Quadratic Stark shifts in neutral silicon

absorption lines in sunspot spectra indicate fields of 300 volts/cm (Jordan e'

al.,1980).
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The linear Star:k effect in the higIh-ti ia;dogen- %alCie-r ard !.
used to search for fields in post-flare loops and eruptive :;,o,::c. "
Miller and Gillian, 1983, Foukal, Hoy- and Gilliam, 1986, FozaL, I
Gilliam, 1988). The data used in the hydrogen-line studies wereh
spectra obtained at the Evans Facility, National Solar Observatory. S
Peak. 'le describe here an "electrograph", based on this technique, rd otm ize
to improve the sensitivity and accuracy of electric field vector measurements

2. Theory

Shifts in the sublevels of the h,;drogen atom in an "I are

by solving the perturbed hydrogen atom Schrodinger equation Bethe S
195?)

U° - ?.F kL'S C r '

where H. is the unperturbed hydrogen atom hamiltonian, P - eR is the dipole

moment, F is the electric field vector, k L.S is the spin orbit interaction
energy, E is the total energy and %P is the atomic wavefunction. The total energy
E is the sum of the unperturbed atomic energy E, and the perturbai-ion L.E duae tos

the electric field and the spin-orbit interaction

E - E

To obtain the first order perturbation due to the electri2 fele, .'

Schrodinger equation

is first solved in a parabolic coordinate system. The resulting parabolic states

are characterized by the quantum numbers nj, n2 , m arid n. Here, n 4s the

principal quantum number and is equivalent to the principal quantum number

characterizing the spherical hydrogen atom states, and m is the orbital magnetic

quantum number. The parabolic quantum numbers, n, and n2 , have integer values

ranging from 0 to n - 1. The difference, n, - nZ, is an indicator of the

asymmetry, or charge separation of the state. The four quantum nuibers are 2ot

independent, since

,i, + n2 - n] n /.
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The first order energy shif' ý_t of a stare "!' in aun , ctcic
is given by

In computing the energy shift due to the electric field, the spin-orbt.:
interaction term (fine structure) is initially ignored, and later included as a
correction the shift arising from the fine structure varies as n , so it is onIy
considered in the splitting of the lower level in the transition. This term is
almost always small compared to the electric field induced enerlty shft fotr
relevant field strengths. The energy shift of level n,n,,n, is given inr7 i
units by

LE - 3/2 n(n,-n!2 )F

There are 2n - I sublevels. The mean value of nj - nz is proportional to n,
so the mean energy splitting is proportional to nZ. The wavelength shift of the
line component for the transitions from the n, n1 , n2 state to the n' . n' , n
state is given by

L- C A2 ( n(n - n2 ) - n' (nI' - n 2') ) F, 7

where C is a constant. In the lines measured for this study, the "
upper n is at least a factor of four greater than that of the lc..ern.

wavelength splitting is thus determined mostly by the upjcr level, and ies as

6A a• \ n2 F.

Consequently, higher n transitions will ... ve greater sensitivity to electric
fields. Also, since the shift depends qua..-atically on the wavelength, we choose
to study the Paschen series lines (radiative decay to n - 3), which have
wavelengths between 8200 A and 19000 A, rather than the Balmer series lines.
which have wavelengths between 3645 A and 6563 A.

The polarization of a line component will depend on Am, the change in magnetic
quantum number, which is limited by selection rules to 0, or t i. Transitions
with Am - 0, (n components) will be polarized along the electric field, while
transitions with Am - ± 1, (a components) will be polarized perpendicular to the
field. The mean wavelength shift of the r components lies near the maximum
wavelength shift, while the mean wavelength shift of the a components will lie
at approximately half the maximum shift. Figure I shows a plot of the oscillator
strengths of the n and a components of the Paschen 18 (P18) (n - 18 - n - 3) line
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in the presence of a 10 volt/cin electric field (oscillator Sw:ce.grhs wave-
length shifts taken from Underhill and '.1addell, 1959) Fine struc',ure " ing,
which would introduce 0.03 A shifts (on the average) is igno-ed for s 1-,1 C

P1 8 StarK Shifts

0

Li. Ull

./2 oL ..It. f, i I ,~ I I

0.00 0.05 0.10 0.15
Wavelength (A)

Fig I Paschen 18 7r and a component oscillator strengths plozec- against
wavelength shift.

In solar plasmas thermal motion and other mechanisms broaden- the lines, so
individual Stark components would not be resolvable. Figure 2 shows the P18 7
and a components separately convolved with a 0.5 A gaussian, which is ahow- the
minimum thermal broadening observed for this line in coronal structure emissions.
The calculated difference in half width between the two polarizations is 0.043A.

P18 Spectra
C4

* 10 volts/=C

C

.4.

100.0 0.1 0.2 0.3 0.4 0.5
Wavelength (A)

Fig 2 Paschen 18 7r and a line shapes for 0.5 A thermal broadening.
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The typical width of the P18 line ob;crvcd i• solar prominences. Fgure
3 shows a plot of the difference in half width (modulation) bc,:..:ccn ti~c • and o

polarizations of the P18 line as a function of electric field streng:bh for a

width of 0.8 A. The fine structure splitting is added :o lo.',;er levels as a

correction. The width modulation increases as the square of the eleczric field

strength at low field strengths, since the various contributions to the

broadening add quadratically. At higher fields the modulation is protortional

to field strength.

P18 Width Modulation
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Fig 3 Pasehen 18 half width modulation plotted against ele~r' fil

strength.

3. Instrumentation

The instrument (electrograph) which we have constructed is designed co record

hydrogen Paschen line spectra emitted from coronal structures, as a function of

linear polarization in the sky plane. The instrument consists of a near-infrared

polarization analyzer and a PC-controlled Pulnix TM840N integrating C!D camera.

The polarization analyzer is made up of an achromatic (for wavelengths between

8000 A and 9000 A) half-waveplate rotated by a PC-controlled stepping motor, and

an infrared polarizer. The analyzer is located directly behind the occulting

disk of the 40 cm coronagraph at the Evans Coronal Facility at Sacramento Peak.

The CCD chip is positioned at the focal plane of the Evans Facility universal

spectrograph (USC) and records Paschen line spectra in first order. A schematic

diagram of the electrograph system mounted on the coronagraph and USG is shown

in Figure 4. An enlarged view of the waveplate and polarizer assembly is shown

in Figure 5.
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Fig 4 A shematic diagram of the CRI electrograph installed on the 40 cm

coronagraph at the Evans Facility at Sacramento Peak.
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Fig 5 A schematic diagram of the electrograph polarization analyzer.

The CCD camera has a windowless Sanyo chip (800 h x 480 v) wi.-[ hin. :'aa.-,-ý.:1.1.
efficiency (>30 %) at the Paschen line wavelengths of interest .. order

dispersion of the USG is 5 A/mm and the CCD chip spans 32 A. A 45 slit "ie!d4

a wavelength resolution of 0.25 A and a projected slit widt, on.. ý-`.-e :
arcseconds. The chip is cooled by a Peltier cooler attached zc

chip. Dry ice is applied to the cooler's heat sink, b5-,•i-ý6-
temperature to - 30 C°. The resulting low dark count levels i".ake !,1, second
exposures possible. Tests have shown that the CCD-based syscein is a factor of
20 more sensitive than IR-sensitive film at these wavelengths.

The camera is controlled through a Data Translation 2853 frame grabber board
installed in a Compaq 286 PC (12 Mhz, 40 MB HD). Control software sets the
camera exposure and averages a specified row section on the chip to obtain the

spectrum. The stepper motor is controlled through a driver board installed in

the Compaq. In data collection the waveplate is rotated in 30 degree steps and
the CCD exposes a frame at each angular location. The spectra are stored on the
PC's hard disk. A menu-driven program simultaneously controls the camera
exposure, stepper motor, data collection and data storage.

4. Observations and Discussion

The electrograph was used in an attempt to study hydrogen emissions from post-

flare loops during five observing runs between May, 1989 and May, 1990. No post-

flare loops occurred during these runs, but observations of several quiescent

prominences were carried out.
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The best data were recorded on April 21, 1990. Spectra fro;:I Pi0 ad .- i :oere
recorded in emission from a relatively bright quiescent promninence, using 10 and
40 second integration times at PIO and P18, respectively, The line widths at 180
degree separations were averaged since these waveplate orientaZicns select
identical polarizations. A plot of the P18 line width versus polarizat- on

orientation is shown in Figure 6.

P18 Half Width

E 0

o-50 0 50 100 150 200

Angle

Fig 6 Paschen 18 line width plotted versus polarizer orientation :easured
in emission from a quiescent prominence.

The uncertainty in line width is determined by chip read-out electronics and
digitization. Typical signal-to-noise ratios are 200-400 for sums of 2-3
spectra. This leads to uncertainties of 0.3-0.6 % in halfwidth for the P18 line,
which correspond to electric field sensitivity of 5-8 volts/cm using the
calibration described in section 2. Tests made using a slow-scanned CCD camera
showed a factor of 10 increase in signal to noise, which corresponds to a factor
of 3 gain in electric field sensitivity. We plan to use this camera in the
electrograph in the future.

The prominence line widths measured on April 21, 1990 show no modulation of half
width beyond noise limits. Thus, the measurements yield an upper limit for
macroscopic electric field strength averaged over the slit area of 5 volts/cm in
the Paschen-line emitting plasma. A more detailed interpretation of this result
in terms of motional fields associated with the plasma thermal velocity, and with
possible macroscopic motions will be presented in a later paper.

Our aim is to observe bright post-flare loops, which can be 10-10CC times brighter
in Paschen line emission than the prominences we have observed. These higher
signal levels would make measurements of approximately 3 volt/cm accuracy
possible, thus well within the 1-100 volt/cm range expected in reconnection
models of flares.
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We are also preparing for a NASA-sponsored expedition to the July 19-9 eclise
in Baja, Mexico. We expect that around totality the absence of -5 ite2ed

light in prominences may increase the accuracy of electric field byeasure:nertzs
a factor of three. A telescope and spectrometer are being assembled for the
expedition.
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Discussion

J. Stenflo: Let me mention that the first attempt to measure linear polarization due to the Stark effect in
electric fields produced by solar flares was done by Dravins back in 1970. He did it in Ho at the Big Bear
Solar Observatory.

T. Moran: We are aware of Dravins' attempt to measure polarization dependent effects on the Ha line
shape from flare emission. The results were negative. That type of experiment could be tried again using
CCD's.

D. Deming: Have you considered using the hydrogen lines in the 10-12 micron region? They obviously
have long wavelengths, but perhaps the n values are not large enough.

T. Moran: In fact, we have considered those lines for electric field measurements in coronal structures,
where some of them were observed. While the upper n-values are lower than the n values in the highest
observable Paschen lines, the longer wavelengths of the IR lines more than compensate. Whether the signal
to noise is high enough would have to be determined.

W. Livingston: Is there no hope for electric field observations on the disk?

T. Moran: We have investigated using Paschen lines in absorption emission in sunspots, but encountered
problems with line blending. This requires more scrutiny. Other possibilities for observations on the disk
are the Balmer lines in flare emission, the 12 micron lines in active region spectra, and the Brackett, Pfund
and Humphreys-series hydrogen lines.

R.. Altrock: Why haven't any post-flare loops been obtained? We see CaXV emission on the limb fre-
quently, and this emission is thought to be connected with post-flare loops. These observations could be
used to trigger your observations.

T. Moran: Unfortunately there have been very few loops on the limb during the past year, and none during
our observing periods. We do monitor the daily CaXV limb emission for indications of activity on the limb
during observing runs.
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Summary. This paper presents a comprehensive account of a series of researches on solar magne-
to-sensitive spectral lines made by the author and his coworkers. On the basis of numerical solu-
tions of the equations of transfer of polarized radiation in magnetic fields, the following character-
istics of solar magneto-sensitive lines have been studied: (1) profiles of Stokes parameters, (2)tem-
perature sensitivity, (3)magnetic intensification, (4)depth of formation, (5)Zeeman components
and Seares' formulae, (6)monochromatic images, (7)line asymmetry and gradient of sunspot mag-
netic fields, (8)relation with Alfven waves, (9)derivation of information of magnetic vector,
(10)Faraday rotation and azimuth of the transverse magnetic field, (1 l)twist of magnetic lines of
force in depth. In "Conclusion" we make some remarks about our own researches on
magneto-sensitive spectral lines.

1. Introduction

The importance of magntic field observations to solar physics is well-known to everyone. In es-
sence they are mainly the polarimetric measurements of the Zeeman components of magneto--sen-
sitive spectral lines. Therefore, in order to get accurate information of the magnetic field, one has
to make a deepgoing and detailed study of the properties of these lines. This may be considered to
be one of the main contents of solar polarimetry. The theoretical foundation of this project was
laid by Unno (1956). Since 1977 we have tried to improve his theory and apply it to attack a series
of problems about solar magneto-sensitive lines. The results of our works are stated below.

2. Profiles of Stokes Parameters

A spectral line is defined to be magneto-sensitive if its Lande splitting factor is larger than certain
value, say 1.5. In order to study its characteristics, one has to solve the following Unno's equa.
lions of transfer of its Stokes parameters:
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cosO-• =-(1 vtI +Y7)1+qQ + +P?vV- (I +?11)B,I dlr
cosO4 = ?IQ1+ (I + PIN - I B,

cosO!-• = 7VI + (1 + )- ?TQB.

COSO =)V-t 
B

Unno took U = 0. This implies that the plane of polarization is fixed and the Faraday rotation

cannot be taken into consideration. Besides, he adopted the following assumptions: (1) There ex-

ists the local thermodynamic equilibrium, so the source function is the Planckian function B. (2) B

exhibits a linear distribution with depth. (3) The atmosphere can be fitted with Milne-Eddington's

model, i.e. ?I does not depend on depth. (4)The magntic field is homogeneous, i.e. its intensity does

not vary with depth. Under these conditions which are evidently far from reality, Unno obtained

an algebraic solution of Eq.(l). In our works we retained only the first assumption, abandoned all

the others, and got numerical solutions of Eq.(I) and later of the more complete Unno-Beckers'

equations. This allows us to calculate more accurate Stokes profiles.
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Fig.1. Comparison of our numerical solution (D with Unno's algebraic solution W. On left side, y= x/2,

H I 1000G. On right side, 7 = / 2, H = 4000G.

We (Ye Shi-hui et al., 1978a) used Stellmacher and Wiehr (1970) 's model of sunspot

umbrae, adopted a series of values for the magnetic field intensity H and the angle formed by field

line and line of sight y and computed a lot of I, Q and V profiles for FeLA.6302.499, 6173. 341 and

5250.216. By comparison with the corresponding profiels given by Unno's algebraic solution, it

can be said that our numerical solution is much better. This is shown by Figure 1. On the right

side, in the case of pure transverse Zeeman effect, the I-profile of 16302 should have three corn-
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ponents. This agrees with the pattern of splitting given by our numercal soulation. However,
Unno's algebraic solution gives rise to only two a components. On the left side, our profile has a
central residual intensity of 0.42, which is close to the observed value. The corresponding value
given by Unno's solution is only 0.01. In practice, there is no any solar spectral line which is so
deep at its center.

3. Temperature Sensitivity

The question of temperature sensitivity of magneto-sensitive lines was raised first of all for A5250.
Due to its high magnetic sensitivity (g = 3), it was for many years used as the main working line in
magnetic field measurements. However, in the late sixties it was discovered that this line is also
very sensitive to temperature. So the results of magnetic field observations made with it may have
large errors. Wittmann (1971) used W. / Wph to represent the degree of temperature sensitivity,
where WU and Wpl are the observed equivalent widths of one and the same line in a spot umbra
and in the photosphere respectively. We think that this method is not quite reasonable, because
the variatons of both magnetic field and temperature may affect the equivalent width. In order to
lay special stress on temperature sensitivity, the influence of magnetic field should be put aside. So
in calculating W. we (Ye Shi-hui et al., 1978a) purposely took H to be equal to zero. In this way
we have computed the degrees of temperature sensitivity of four magneto-sensitive lines (see Ta-
ble 1). It can be readily seen that among them A5250 indeed possesses the highest temperature sen.
sitivity and A6302 - the lowest one.

Table I. Temperature sensitivity of magneto-sensitive lines

Line WJA) Wh(A) W. / W_ _

Fe I A5324.191 0.718 0.364 1.97
A6302.499 0.140 0.128 1.09
A6173.341 0.0996 0.0576 1.72
A5250.216 0.116 0.0480 2.42

4. Magnetic Intensfleation

As first of all pointed out by Unno (1956), the presence of magnetic fields may not only cause
deformation of the profiles but also increase of the equivalent widths of mangneto-sensitive lines.
In order to make a complete study of this effect, we (Ye Shi-hui et al., 1978a) calculated the equi-
valent widths of A6302 for five values of H (0, 1000, 2000, 3000, 4000G) and five values of 7 (0,
30 °,45 * , 60 ', 90 * ). The results are shown in Figure 2 in which the magnetic intensification is
represented by the quantity AWA = Wj(H)-WA(0). From this Figure the following conclusions can
be drawn: (1)The effect of magnetic intensification really exists. (2) WA depends on both H and 7.
(3)When j = 0, AWA= 0. This means that the pure longitudinal Zeeman effect does not cause mag-
netic intensification. (4) When 7#0, AW1 > 0. Moreover, AW 1 increases with y. (5)In the region of
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y> 60 * , AW, gradually becomes saturated. This does not agree with Unno'S prediction that

AW, is maximum at y = 55 0 (6)The larger is H or y, the more conspicuous is the effect of satura-
tion.

0.03 Y-0 0.03 *H-3,o

// .- H- 100OG
' 0.01 0.01-,,o

0 0

1000' 2000 3000 4000 , 30* 4S0  
600 90g IJj(G)

Fig.2. Magnetic intensification of A6302.

S. Depth of Formation

Tin Jie-hai (1980) defined the equivalent selective absorption coefficient kt" to be such that under
its joint action with the continuous absorption coefficent kc the change of I with h is the same as
obtained by solving the equation of transfer in a magnetic field. Let dr = (k,* +k,)pdh, then the
equation of transfer can be reduced to be

,,dl
COSU,

d - (2)
d[Ig~J c I-B

After getting rog-r), one may calculate the emergent intensity I(r = 0), the normalized contribution

function FI, and the depth of formation it by solving the following three e-uations:

I(r=0)= J ) - e d (3)

S --

F,(T) = C OG ( 4o (4)
S= 0)

= { 'F, (r)dr. (5)

The equivalent source functions S;, SZ, and S; are defined to be
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S. Q _cOSOdQU,(6

dVS = U - epsom.c(6

SV = VcoSOd.

Then the normalized contribution functions of Q, U, and V have expressions similar to (4) and (5).
Actual calculations for ,.6302 show that the depths of formation of four Stokes parameters may be
quite different.

6. Zeeman Components and Seares' Formulae

For a long time Hale and Nicholson (1938) applied the following Scares' formulae to calculate the
angle y with the relative intensities of Zeeman components.

1 . T

_I sin Y, (7)
22

= 4 (1 + cosY)2.
2 4

Strictly speaking, these expressions were established for the direct Zeeman effect of emission lines
and so in principle cannot be used for the inverse effect exhibited by absorption lines. However,
for some time it was believed that Scares' formulae could still be applied to absorption lines. The
first reason is that it is possible to derive these formulae from the alge'braic solution of Unno's
equations for very weak lines with j (( 1. Secondly, according to the calculations of Stepanov
(1958) for A6173 and H-=2500G the error of y given by Scares' formulae does not exceed 4 °
Nevertheless, we (Ye Shi-hui et al., 1978b) pointed out that both these arguments are question-
able. Firstly, Unno's algebraic solution is rather crude and, moreover, spectral lines with q (( 1
practically do not exist. Secondly, Stepanov's computations were made only for one line and one
value of H, so his conclusion may be incorrect in the general case. We derived the expressions of
residual intensities of ordinary (o) and extraordinary (e) light to be

r, =r, +r, (8)

"Pr =r, - r

They enabled us to compute the ratios of central depths of Zeeman components as functions of 7.
Our results of calculations are represented by the solid lines in Figure 3. The broken lines are given
by Scares' formulae and the dotted lines -Stepanov's calculations. Then the following conclu-
sions can be drawn from this Figure: (1)The results of our computations differ much from those
given by Scares' formulae. (2)According to our calculations the ratios of relative intensities of
Zeeman components should depend on H, but Scares' fermulae have no any relation with this
quantity. (3) Stepanov's calculations lead to a relation of ig(dor, / dr 2) close to that given by
Scares' formulae, but the case for lg(do / dx)- y is quite different. This implies that the former is
possibly an accidental coincidence.
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Fig.3. Relations between intensities of Zeeman components and y

In conclusion we may say that it is not a good method to measure the direction of sunspot
magnetic fields with Seares' formulae.

7. Monochromatic Images

As we (Ye Shi-hui et al., 1978b) have shown, the "o" and "e" profiles of a magneto-senstive line
depend on both H and y. Then the same can be said for the equivalent width and intensity of
monochromatic images. Therefore, it is possible to derive H and y with the monochromatic images
of a magneto-sensitive line.

In scanning a monochromatic image both the width (AA) and position (denoted by the dis-
tances of pass-band edges from line center a and b in Figure 4) of the exit slit can be chosen
arbitrarily. Let the intensity of a c,'rtain point on the monochromatic image of a magneto--sensi-

tive line be A(•A) = "dA, and that on the neighboring continuum be It(AL) = i•.,,L then it is

easy to get the following relation:

l(AA.) IWI(AA.)(9

r(AA) •

where W' ) f dA is the equivalent width of magneto-sensitive line in "o' or 'e'

light. This quantity can be calculated with theoretical line profiles. I(/ A)/ IJ(/ A) may be deter-
mined with observational data.
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Fig.4. Relation between monochromatic intensity and equivalent width.

For expression of the relation of WA with H and y, we (Ye Shi-hui et a!., 1985) designed
three methods. For two slit states this relation can be written as follows:

{ I Al (Hy (10)

Substituting these expressions into Eq.(9), we have

I(AZ1 ) fl (H,y)=-!
It (AA1 ) AA i

I(AA 2) f2 (H,Y)

I1(AA2 ) AA
After measuring the intensities of one and the same point on two monochromatic images corre-
sponding to the two slit states and with known functions f, and f2, one may calculate the values of
H and j for the given point. By repeating this procedure for many points one can trace a 2D mag-
netic map. We used the monochromator attached to the solar spectrograph of Purple Mountain
Observatory, applied this method to observation of the magnetic field of a sunspot group and got
some reasonable results.

& Line Asymmetry and Gradient of Sunspot Magntl: Fields

The method of determination of the gradient of spot magnetic fields with the asymmetry of (
components of a Zeeman triplet was proposed by Hubenet (1954) before the advent of Unno's
theory. We (Ye Shi-hui et al., 1979) studied this method anew with the theory of inverse Zeeman
effect.

As the first approximation, we supposed that magnetic field intensity exhibits a linear distri-
bution with depth, i.e.

H = Ho(l + algr), (12)

where a is the coefficient of gradient and H.-- magnetic field intensity on surface. We took for
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the optical depth gradient dH / dlgr = Ho-, a series of values 100, 200, ... 1000 which approximately

correspond to the geometrical gradient dH / dz= 1,2,... 10G / km. Then we computed the theore-

tical profiles of the o components of A6302. It was found that in the case of zero gradient the a

components are symmetric and that with increase of the gradient the asymmetry becomes more

and more pronounced. In order to find a quantity to represent line asymmetry, we may take two

points on the profile with a depth equal to half of the depth at line center, find their middle point

and define its distance 6 from line center with zero gradient to be a measure of asymmetry.

Besides, for the point on a wing also with a depth equal to the half of the central value, we defined

the displacement relative to the corresponding point in the case of absence of gradient to be the
measure of rotation . of a line wing. With the results of theoretical calculations, we constructed

Figure 5 which shows the changes of 6 and e with the magnetic field gradient. Thus, if one of the

quantities 6 and e can be measured by observations, the value of gradient may be determined. We

applied this method to actual observations and found that the geometrical gradient of spot mag-

netic fields is about IG / km.

0.4

0; 3 -•

0.2

0.11

d HI/d1011

Fig.5. Line asymmetry and magnetic field gradient.

In passing it is worthwhile to point out that the rotation of line wings caused by magntic field

gradient might give rise to large errors in magnetographic observations.

9. Relation with Alfven Waves

Waves propagating in a plasma may cause deformation of the spectral lines emitted by it. We

studied the influence of Alfven waves on magneto-sensitive lines (Yo Shi-hui et al., 1981) and al-

so the possible effect of Alfven waves in the cooling of sunspots (Ye Shi-hui et al., 1983a).

On the basis of Maltby (1968) 's work we took the relation between the flux of energy trans-

ported by Alfven waves (FA) and the velocity of horizontal oscillations (ohof) to be

2
FA PVAa hop, (13)

where vA is the velocity of Alfven waves given by

VA HO 
(14)

We supposed that the sunspot is circular with radius b and its magnetic field can be fitted with the



Polarimetric Studies 41 1

fan-shaped model. Then for a point in the spot and at distance r from center the Doppler half
width of the magneto-sensitive line is

A -' = --- + v, +ao, Sin2(67.5 r + 0 ). (15)

Besides, its Zeeman splitting becomes

-5 2 /AAf =4.67x 10 5g) H 0 of +( )2 , (16)

where by is the amount of disturbance of magnetic field intensity caused by Alfven waves. Substi-

tuting these expressions into Unno's equations, we computed the I, Q, and V profiles of the mag-
neto-sensitive line under the action of Alfven waves. It is interesting to note that all these profiles
should incessantly undergo violent oscillations. Figure 6 presents such an example. We proposed
some methods to verify this phenomenon.

,it/4 .4e. @0 S

1 /
oil- V

S /

0. a1 02
AIM)

Fig.6. Changes of I-profile of A6302 in a period of Alfven wave motions.

Moreover, AIvN= waves can also exert a significant influence on magneto-insensitive lines
and this may be used to verify Parker (1974) 's theory of cooling of sunspots. Beckers (1976) car-
ried out such a Justification. However, he took the value of gfA(A is the abundance of the chemi-
cal element to which the considered spectral line belongs) as an indefinite quantity and chose for it
such a value that the observed line profile might be fitted by the theocretical one. This seems to be
not quite reasonable. We calculated the accurate profiles of FeLUA569I .505 and 5434. 534 and they
satisfactorily agree with the observed ones. It is more important to say that with increase of
FA, from 0 to 10'0 and 1011 ergs / ma-e the degree of agreement becomes better and better.
This might be a preliminary justification of the Alfven wave cooling of sunspots.
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10. Derivation of Information of Magnetic Vector

Under the action of the magneto-optical effect the plane of polarization may rotate and so the
aziumth cannot be taken to be always equal to zero. This requires us to abandon Unno's assump-
tion of U 0 and solve Unno-Beckers' equations of transfer of four Stokes parameters, i.e.

cosOd• =(1 +t1,)(I- B)+ no Q +tuU + nvY,
dT

dQ
cosOd¢ =q t(l-B)+(l+q)Q+pRU+pwsin2XV,

cosOdr = n u(- B)P- p R Q + (I + 7 1)U- P Wcos2xV,

dVcosO.-- =fn(I - B) - p wsin2xQ + p wcos2xU +(I + 1 )V.

Beckers (1969) considered the magneto-optical effect to be equivalent to the joint action of a re.
tarder of circular polarization and another of linear polarization. In the above equations they are
represented by the coefficients:

no H cos?[F(v- v,,a)- F(v + vH,a)],0 -H(O,a) (8
ty 0 sin 7(~) [F(v - Vs,a) + F(v + v pa) - 2F(v,a)],

w H(0,a) 2 ,~
where

F(v,a)2 2 e-(M -u ) du. (19)

There were some inexactitudes in Beckers' original equations and we made the necessary correc-
tions. We (Ye Shi-hui et al., 1983b) performed numerical solutions of Unno-Beckers' equations
and designed a method to derive the three characteristic quantities H, I and X with observed
Stokes profiles. It consists of the following three steps: (1) to get H from the wavelength difference
of the highest point of V-profile and line center, (2) with known H to obtain y from the maximum
of V, (3) with both H and y known to determine the azimuth of transverse field X with the value of
Q at line center.

We applied this method to the Stokes profiles of two large sunspots observed at the Okayama
Astrophysical Observatory and obtained values of H, y and X for many points in each spot. It is
intersting to note that our results differ much from those of Kawakami who treated just the same
observational material. For instance, our values of H are about twice larger than his. Judging with
results of direct Zeeman splitting observations, we can say that our values are nearer to reality
than his.

I 1.Faraday Rotation and Azimuth of the Transverse Magnetic Fields

After much controversy the existence of Faraday rotation in sunspots has been convincingly
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demonstrated by Makita (1986) with observational data of Okayama. So the azimuth of plane of

polarization (p[ - tan (a.)] given by direct measurements may deviate significantly from that

of transverse magnetic field X. We (Ye Shi-hui et ai.,1987) have shown that the influence of
Faraday rotation is largest if measurements are made with radiation from line center. This is rep-
resented by the point A in Figure 7. The coordinates of this point are the Q and U parameters of
the very center of Z5250. Before starting to solve Unno-Beckersv equations we took X to be 10 °
But the angle ZAOQ = 167 0 , so at line center 7 = 83.5 0 . This means that direct measurements
made at line center may give rise to an azimuth of plane of polarization which is far larger than
that of transverse magnetic field. If the spectral region of observation is shifted step by step from
line center to a wing, the observed values of Q and U yield points B, C, etc. The values of q0 given
by them become smaller and smaller. When measurements are made in a far wing, the soild line
connecting points A,B, C, ... gradually approaches an asymptote OL. [See Figure 7 in which the
dotted line is the curve predicted by Makita (1986)]. It is interesting to note that ZLOQ = 20 ° ,
i.e. the value of 2X. This tells us that the Faraday rotation exerts practically no influence on far
wings. However, their reaction to magnetic fields is quite weak, so we still have to carry out mag-
netic measurements in the region of line core. In order to eliminate the influence of the Faraday
rotation, we have designed a method to derive X from the directly measured 41. It can be used in
practical observations.

10' 0
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Fig.7. Change ofv from lines center to wing.

12.Twist of Magnetic Lines of Force In Depth

In order to study the 3D structure of sunspot magnetic fields, it is necessary to determine whether
the lines of force are twisted, i.e., if the angle X changes with depth. For this purpose we (Ye
Shi-hui et al., 1990) proposed the following method. At a fixed point in a spot and in a certain
wavelength interval of a magneto-sensitive line, one may measure Q and U and then calculate 1P.
If the spectral region of observation is moved successively from line center to a wing, one may
draw the azimuth diagram with Q and U as coordinates. According to our theoretical
calculations, if magnetic lines of force are sufficiently strongly twisted, the curve on this diagram
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contains loop structures (see Figure 8). If the twist is rather weak, the curve is approximately
semicircular. From the direction the curve winds (clockwise or counterclockwise) one may infer
whether the magnetic field is twisting in one direction or in the opposite. In the case of no twist at

all, the curve is comparatively simple and similar to a parabola.
When the sensitivity of observational facilities is high enough, our diagnostic method can also

be applied to regions of weak magnetic fields outside sunspots.

173
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Fig.8. An azimuth diagram.

13. Conclusion

In the above sections we have birefly reviewed the results of our studies of solar magneto-sensitive

lines. Our work is rather comprehensive and systematic and we have made a series of improve-

ments on predecessors' works. Concretely speaking, on the theoretical side, we abandoned some

of Unno's unreasonable assumptions, for Unno's equations got numerical solutions which are

much better than his algebraic solution, pointed out the inadequacy of applying Stares' formulae

to the determination of direction of sunspot magnetic fields, corrected some inexactitudes in

Beckers' equations of transfer of Stokes parameters, discovered that the depths of formation of

various Stokes parameters may be quite different, investigated the oscillations of Stokes profiles

caused by Alfven waves, preliminarily justified Parker's theory of sunspot cooling by Alfven

waves, and studied the influence of magneto-optical effects, especially the Faraday rotation, on

magneto-optical lines. On the practical side, we established a method of derivation of information

of vector magnetic fields with Stokes profiles, improved the method of determination of gradient

of magnetic fields with the asymmetry of Zeeman components, investigated the temperature sensi-

tivity and magnetic intensification of magneto-sensitive lines, and designed a diagnostic method

for probing the possible twist of magnetic lines of force. All these may be of some interest and use

for the observations of solar magnetic fields.
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However, our work is still far from being complete. First, we retain Unno's assumption of lo-
cal thermodynamic equilibrium. Second, our research is restricted in the realm of Zeeman triplets.
Besides, the fine structure of solar magnetic fields and the effects of MHD dynamical processes
other than the Alfven waves have not been taken into consideration. Therefore, our polarimetric
studies of solar magneto-sensitive spectral lines have to be further carried on.
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Unified classical theory of line formation in a magnetic field

J 0 Menflo

Institute of Astronomy. ETH-Zentrun, CH-8092 Zurich

Summary. A unified theory of line formation in a magnetic field is developed from first principles
within a classical framework. Starting from Maxwell's equations for the electromagnetic field in
vacuum and the Hamiltonian for an electron in a central potential, the theory of radiative transfer
in a magnetic field is developed, including magnetooptical effects, scattering, coherence effects (the
Hanle effect), and partial redistribution.

1. Introduction

The theory of line formation in a magnetic field has been developed over the past decades in bits and
pieces. Different authors have been using different formalisms and theoretical frameworks, and have
generally addressed only certain aspects of the theory. Therefore a unified theory developed from first
principles is needed.

The LTE theory was first formulated by Unno (1956) in a phenomenological way, and was indepen-
dently developed by Stepanov (1958a), who made a more stringent classical derivation that implicitly also
included the magnetooptical effects. Rachkovsky (1962a, b) extended Stepanov's approach and explicitly
treated the magnetooptical effects. Jefferies et al. (1989) have made a new classical derivation of the
same LTE theory. Their approach is similar to that of Stepanov and Rachkovsky. A quantum-mechanical
derivation of the LTE equations was first obtained by Landi Degl'Innocenti and Landi Degl'Innocenti
(1972).

Incoherent scattering in a magnetic field was first introduced by Stepanov (1958b) and Rachkovsky
(1963). Later it became part of a more complete non-LTE theory of polarized radiative transfer. devel-
oped by Domke and Staude (1973), Dolginov and Pavlov (1973), Sidlichovský (1974), and House and
Steinitz (1975). Non-LTE transfer with scattering of polarized radiation in multi-dimensional media was
first treated by Stenholm and Stenflo (1978).

The quantum theory of coherent scattering (Hanle effect) was developed in various forms by House
(1970a. b, 1971), Lamb and ter Haar (1971), Omont et al. (1973), and Bommier and Sahal-Brdchot et al.
(1978). It was built into a non-LTE radiative-transfer theory for the weak-field case by Stenflo (1978).

The first unified derivation of the transfer equation from first principles, including both the Zeeman
and Hanle effects, was done by Landi Degl'Innocenti (1983) within the framework of quantum elec-
trodynamics (QED). The formalism has been further developed by Landi Degl'Innocenti et al. (1990)
for practical applications. An independent QED derivation from first principles, but without coherence
effects, has also been provided by Mathys (1983).

Although the QED framework is the physically most general one, it is difficult via the often cumber-
some formalism to obtain a good intuitive understanding of the physics involved, beyond the application
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of thi formalism as a -mathematical cookbook" for computations To aid the physical iniit-giht I iLaNi-
therefore in the present paper developed a unified radiative transfer theory of the Zeeman and Utanl,-
effects from first principles within a classical framework. The following sections outline (in abbreviated
form. due to space limitations) the derivation of the theory. The lengthy considerations of partial re-
distribution in a magnetic field of arbitrary strength have been omitted in the present highly condensed
presentation of the theory.

2. Maxwel's equations

The standard set of equations for the electromagnetic field can be written

V*- D p,
V.B= 0,

VxE=---O (I)

- t

V x H 9 = D+

In addition we need two equations relating D and B to E and H. We will only make use of the
equations valid for vacuum, i.e.

D = EO0E, (2)

B =,uoH.

Often in electromagnetic theory the macroscopic effects of a medium are described by introducing a
dielectric constant f and a magnetic permeability .. Such concepts however represent a phenomenological
element of the theory, hides the underlying physics, and have led to physically inconsistent treatments
in the past. We will therefore entirely refrain from introducing any c or A at all. tc allow us to work
from a rigorous version of Maxwell's theory. All the effects of matter will exclusively enter via the charge
density p. and the current density j.

3. The electromagnetic wave equation

For the treatment of radiation problems it is convenient to reformulate Maxwell's equations in terms of
a vector potential A and a scalar potential 0, defined by

B =V x A,
OA (3)

E = -VP -- 7t'

These definitions assure that B is divergence free, and that E satisfies Faraday's law.
For radiation problems the natural gauge to choose is the so-called Coulomb or radiation gauge

defined by

V.A=0, (4)

If we introduce plane waves
A(t, r) = Ao(w)e-1+kV, (5)

the gauge condition implies

k . A = 0, (6)

i.e., the waves must be transverse.
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The scalar potential 0 then decouples from the wave propagation problem. and thO electrrjnaI,,twtrc
waves become described by the single equation

V-2A - Ia 2t (71
V 2  2 at 2~--- P~

Only the transverse component of j (marked by index t), i.e., the component of the current density thar
is perpendicular to the propagation direction given by the wave vector k. can serve as a source for the
waves.

4. Dipole moment and the refractive index

Plane wave solutions of the type (5) to the wave equation (7) imply

k2 + ) Aoe-iwt+ikr = ( oj.)

If the currents j are carried by moving electrons, each electron i contributes to the current density by
the amount

3i= --er1 . (9)

If we denote the electric dipole moment per unit volume by d, its time derivative is

d Zei-i (10)

i.e.. it equals the total current density j.
Let us now define a refractive index n as embodying the dispersion relation between the wave number

k and angular frequency w through
k _ nw/c. I11)

Then we obtain from Eqs. (8), (9), and (10)

W2 2r
-t = - (n 1) Ae, (12)

pUoC2 (n

where index t denotes the transverse component. This constitutes a relation between the wave amplitude
A 0 and the amplitude of the electric dipole moment per volume element of the medium, expressed in
terms of the complex refractive index n.

4,1. Remarks on previous uses of a dielectric constant e

In previous approaches (Stepanov, 1958a; Jefferies et al., 1989) c (which. is expressed in units of its
vacuum value) has been calculated from the polarizability of the medium and identified as representing
n2. This however leads to inconsistencies, as will be explained below.

If we have a homogeneous medium with c 6 I (but with p = I for simplicity), then the wave equation
(7) is the same except that 1/c 2 is replaced by c/c 2 . Now we have two choices to account for the effect
of the medium: Through the dielectric constant e or through the current density j. Let us first try to
do it through c alone.

If we insert the plane-wave solutions (5) and denote the real and imaginary parts of the wave number
vector k by kR and k1 , respectively, it is readily shown that

kR -k, = 0. (13)
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This means that absorption in the direction of propagation (along kR) is not possible. i.e.. plane wawps
of [he type

e- kt cos (wt - kRx)

cannot be solutions to the homogeneous wave equation, These are however precisely the type of solutions
that are needed to represent absorbing properties of the medium I

Thus we need an inhomogeneous term on the right hand side of the wave equation. and this is
provided by the current density. However, if we let the influence of matter enter via the current density
j, we cannot also let it enter via c by identifying t with n2. Inserting our plane wave solution Eq. (51 in
the wave equation. the left hand side becomes

(-k + )A.

If we now insert both the definition (11) that k =_ nw/c and make the identification c = n2 , the above
expression vanishes, implying that the current density also has to vanish.

Thus, for the problem of absorption and refraction of radiation, the use of a dielectric constant
to represent the effects of the medium leads to inconsistencies and therefore has to be abandoned.
Furthermore there is no need for it, since the matter effects are fully taken care of by the current density
term.

5. Dipole radiation

The solution of the wave equation (7) for the vector potential A is

0o f t(r',t')
A(r~t I = L-i(r~' dV' (1447r JIr - r'I

(Biot-Savart's law), if we only consider the contribution to A from currents i within a localized region.

t' = t - jr - r'l/)

is the retarded time, where v = w/k is the speed of light in the medium.
The currents that are the sources of the vector potential A are due to oscillating electric dipoles.

The oscillating part of the electric dipole moment d per unit volume (which is the only part of d that is
of relevance for the radiation problem) can according to Eq. (12) be written

de (r', t) = dot (r') e-'•t, . (16)

Then follows from Eq. (9) and (10) that

jj(r', t') = -iwdo,(r') e- . (17)

As

e-t e~iwteikl-r'l, (18)

A(r, t) = . e'"o J d-Or') elr dV' (19)
47r Ir-r' - (9

We consider the "wave zone" (r >> r'), where the waves become aymptotically plane. and use the
"dipole approximation", implying that the dimension of the dipoles (the size of the atoms) is small in
comparison with the wavelength of the radiation, i.e.,

e 1e (20)
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If w,ý lr the vector potential A represent the wave-zone field due to dipoles within a r,•igun ,if int
volunw then die approximations we have introduced allow us LO rewrite Eq. ( 19) in he forin

ilio6; e- t•+tkr

A(r,t) = .dot (21,
4-,r r

The component E, of the electric field E that is parallel to some direction e" (which has to Lie in A
plane perpendicular -o the propagation direction given by e,) then becomes

POW e-wt+ikr
- do - e, (22.14w r

This is a key expression for describing the polarization of the scattered radiation and thw lHani- -fleet.
as will be seen later.

6. Classical description of the electromagnetic interaction
of an electron in a central potential

For a conservative system, the Hamiltonian for an electron in an electromagnetic field is

H = -- (P + eA)2 + V(r), (23)

where the canonical momentum is
p = my - eA, (24)

and we let V represent a Coulomb central potential that has its source in an atomic nucleý:9 of charge
+Ze: Ze 2

V(r) = -Z (25)4,r~or

The vector potential A contains both the external magnetic field and the external radiation field
The equation of motion for the clectron is obtained from one of the Hamiltonian equations i here

expressed in vector notation):
S= -VH. (26)

As the back-reaction force m-yv due to the radiative losses ot the accelerated electron is about 10(
times smaller than the VV term (since at optical frequencies y - 103 and WO -' 10 s-'t), it may be
added to the momentum equation as a small perturbation. The coinplete equation for the classical
oscillator derived from Eq. (26) and adding the radiative back-reaction term then becomes

S+ M_(i x B) +7+ - -E 0(27)
rn m

where the driving term from the external electromagnetic field has been placed on the right-hand side.
This is the equation that we need to solve to obtain the dipole ioment of the medium, which then allows
us to find the refractive index from Eq. (12).

7. Spherical vectors and the decoupling of the component equations

The complex spherical unit vectors e., q = 0, ±1, can be defined in terms of the Cartesian linear unit
vectors e.. eY, and e, as

eo e)/, 
(28)e± = :(e, ±- iey)/v/2, (8
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where we ha%,v used the more compac, notation e± instead oF e,,.
Similarly. the relations between dhe vector components are defined to be

Eo = E•.,

E..= (E, ± u

1"hen

E E;e, = El e; = ) q Ee. ,
q q

A scalar product becomes

a b= Eaqb; =Z(-)aqb_..
q

The fundamental role of the spherical vectors is seen if we choose a coordinate system such that thr
z axis is along the direction of the magnetic field B, and express the momentum equation i2 n t'rrnis
of the spherical vector components. The troublesome v x B term then becomes

v x B =-iB 57 quqe;. ý32)
q

where B = lIt.
Eq. (32) shows that the different components of v and B are no longer coupled to each other, in

contrast to the Cartesian case. This means that the momentum vector equation (27) can oe expressed
as three independent, scalar equations,

e

CqXq e-Eq, q-z-O,±1, (33)m

where the operator Cq is

Cq d--f - t

These three equations describe three independent, camped harmonic oscillators, which have different
oscillation frequencies because of the q-dependent term in Eq. (34).

As the phases of the driving electric field components Eq are the same ,see next section). there will
be phase relations between the three cc.cillators, and it is these phase relations that are the reason for
the polarization of the scattered radiation. The evolution of the phase relations depends both on the
frequency aifferences (i.e., on B) and on the d,-.mping (lifetime of the excited state). The polarization
effects arising from this fascinating interplay are collectively called the Hanle effect.

8. Oscillatory solutions

We use our previous plane-wave expression

A = Aoe-iwt+kr (5)

and search for oscillatory solutions of the form

Xq = azoq e (35)

This gives us the solution
XOq = 7 -iewAoq e'k r /m(

W- _ w, _ 2qwLw - i-Y'(

where we have introduced the Larmor frequencv
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2,n

9. Solutions in terms of a complex refractive index

As
Xq= jiwZOq e''

and
dq = -eN , '39)

where N is the number density of oscillators, Eq. (36) gives us

N e 2W2.40 e9-i•+sk rim f40n
- 12 - 2 - (74 0'

This can be compared with our previous expression (12) in terms of a refractive index. If we by n.z
denote the refractive index induced by the vector component q of the vibrations. (12) can be written

dq = -- ,(n' - l)Agqe-i&t+ik " (41)

Pa C

Identification of Eqs. (40) and (41) gives the refractive index:

n Nuoe2 e2iM (2-1 W-' - 2qwLW-ia, (42)

As In. - 11 < I and Iwo - ) < 0wo, Eq. (42) can be simplified to

JU0c 2 e2 N 1
17l1 - I ;z: 4

4rnmQo ,;0 - w - q.-i/2 - i431

or
110c ocIe 2 N wo - - qwL + it/21

nq -- 1 4rno (wo -w - qwr)2 + (7/2)2  (44)

Let us now introduce dimensionless units by dividing all frequencies by a frequency width 1-D.
which we will later choose to be the Doppler width. If we further introduce the notation

V= = (WO - w - qWL)/.1WD (45)

and
a y/(20wD), 

(46)

the refractive index may be expressed as

n, + t + i (47)Tr t2 +a2'

where
k = oc 2 e 2N

kN =4?ZW ' (46)
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10. Absorption and dispersion of the electromagnetic wave

Let us now consider an electromagnetic wave propagating in a given direŽiti;or. s, The ipherical '

components of the electric field are then represented by

Eq X e-. {-i.9)

The interact ions with the medium of the three Eq vector components are mutually independent.
From Eq. (49) follows that the differential change in Eq caused by the medium is given by I,- scalar

equation
d E'q .ds =flq cEq "i

9C

which describes the absorption and dispersion effects in a magnetic field. This simple ,•quarion. tog'iier
with the expression for nq. e.g. as given by (47). contains all the physics needed to deriv tihe trarnsfer
equation for polarized radiation (except for the scattering processes, which however can he dealt with in
a similar manner).

As soon as another polarization basis is used instead of the spherical vectors. Eq 1.50) no longer
remains scalar, but has to involve matrix multiplication.

We may expand E in a linear polarization basis:

2

E = E Ee,. (51)

The linear unit vectors can on the other hand be expanded in complex spherical unit vectors e,

e=, = Fee a.Ceq (52)
S~q

where are the spherical vector components of the linear unit vector e,,.
With these definitions we can derive

E, E, (.53)
q

and
=E, ~ Q (.54)

This can be used to obtain

ds E2 c \C21 C1.2 E,

where c,,= Z qe. z 56)
q

The physics is here cleanly separated in the different factors: While cc'* contains all the information
on the geometry but nothing on absorption and dispersion, the opposite is the case for nq.
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11. Evaluation of the spherical vector components

Let us now choose a linear polarization basis el and e_. such that the pro2.cflc'n B. , " th., iu,;i;:,' fi id
vector makes an angle X (in the counter-clockwise direction) with e1 (which Lies in the meridional plane
with e', perpendicular to it). \ - r/2 with e-2. Then simple trigonometry gives

= sin•, cos x

= sin Y sin i •

+= (cos - cosV :F i sin X)/v'2,

6 =±(cos-sin X ± icos ()/vI .

For the special case that X = 0 this system reduces to

e -= sin Y.

6 = 0
1 3
k= ± cos 7/'/2,

I = i/v"2.

12. Expansion of the absorption-dispersion matrix in terms of the Pauli matrices

It is convenient to introduce the following notation:

n,j • no +n+

I

no -n,-nd sin 2 -+1(n_ +n+).

nli nq nAsin"cos2(,

n nu na sin y sin 2,

n3  nv (n-n+) cosy.

The absorption-dispersion matrix can then be written as

C = ( nt + nq nu - inv
nu + inv rtn) (60)

It is useful to expand C in the orthogonal basis of the Pauli spin matrices, which are given by

00 (0 1 ) ,(0 -i) (1

f"2 = 0 1) d"3 0 _i

This gives
C = ni1uo + nQwfi + nuiO'2 + nvO03, (62)

or. using the alternative notation of Eq. (59),

3

C = nk ". (63)
k=O
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Lt us her.ý rvcall that the imaginary part of C represents the absorpti jnti tfc is th, r,-al pai, rh°-
anomalous dispersion (refraction) effects.

13. Jones vector, density matrix, and Stokes vector

The Jones vector J is simply defined as

-(E2) (64

The interaction with a medium can be described by a matrix w operating on J:

X = wJ. (65)

The 2 x 2 density matrix PR of the radiation field is obtained directly from the Jones vector by

PR jjt , '66)

where jt denotes the adjoint of J (transposition and complex conjugation of J).
The Stokes vector may be written as

S2 U (67)

which in a medium transforms according to

5' = MS. (68)

MVI is the 4 x 4 Mueller matrix. The formalism of calculating the effect of a medium or of an optical
train on the Stokes vector is called Mueller calculus-

S can be obtained from the density matrix via

Sk = trace(okpR). (69)

This relation provides a direct link with quantum mechanics, due to the following. If the stat- of a
statistical system is described by the quantum-mechanical density matrix p, then the expectation value
of an observable represented by the operator X is given by trace(pX). If we now choose the measuring
devices such that they are represented by the operators ak (corresponding in the classical case to the
Jones matrices of the measuring systems), then the expectation values of these operators are given by
Eq. (69). Thus when the Pauli spin matrices are chosen as the observables of the system. the Stokes
parameters are their expectation values.

The inverse relation is

E SkOCk,(
k

i.e.. the density matrix can be expanded in terms of the basis matrices ark, with the Stokes parameters
divided by two as the expansion coefficients. Explicitly, in terms of a single matrix. Eq. (70) becomes

R ( I+Q U-iV(
PR 2 U + iV" I- Q "
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14. Jones matrix for radiative scattering in a magnetic field

The scattering process consists of two physical components: (1) Excitation of a dipole moent- d i dtn
medium by the incident radiation. (2) Radiation f-em the dipoles.

For harmonically oscillating dipoles as described by Eqs. (16) or (,35). we have

d = -iwdo e "' , (72)

where do is the oscillation amplitude of the dipole moment per unit volume. The electric field of the
scattered radiation has been given earlier in Eq. (22). If we make use of Eq. (72) and choose index 3 for
the scattered linear vector components, Eq. (22) becomes

ipiow eikr .
&3 = 'PW '"e13 (73)

4 r r

To calculate the E3 of the scattered radiation we need the expression for d. which is determined by
the exciting. incident radiation. If we mark all incident radiation components by a prime, the spherical
vector component of the incident electric field is

E' = iwA{6q e-iC•C+i"' . (74)

This allows us to write Eq. (41) as
2iw _,

dq 2 -- E• (nq -1). (75

As the expansion of d in terms of the spherical vectors is

= de; (76)
q

we obtain by inserting Eqs. (75) and (76) in Eq. (73)

S= e2 Ek7 - Eq. (77)

q

If we further use our previous expansion (54) of a spherical vector component in terms of linear vector
components, and apply this for E. in Eq. (77), we obtain

E. 2 eikr

E= 2?rc2 rE ZwoE.,' ,(78)

where
wO', = E(n.q- 1) c'" (79)

q

are the components of the Jones scattering matrix w. This matrix determines the relation between the
incident and scattered electrical vectors, both of which are given in terms of a real, linear polarization
basis.

To derive explicit expressions for the components of w in their simplest form, we choose a special
coordinate system with the polar axis along the direction of the magnetic field vector B. and the
directions of the incident and scattered rays given by their colatitudes 0' and 0, and their azimuths 2'
and V.

With these definitions, and using the notation p = cos0, u' = cos 0', we obtain from Eq. (57)
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= Sin 0--2 =s 0.
5=0,

ri - I ! 0.±+ = +•±.U v• e.t..O2
2: = ie~iw/•

with the same expressions for the four 6", if all the angular quantities in Eq. (80) are replaced by th&-
corresponding primed quantities.

Let us further define

b, =_ (nq - 1)eIqOP-,P,

which makes the explicit expressions for the four components (79) of the Jones scattering matrix partic-
ularly simple:

WtI, = bosin sin0' + -pp'(b_ + b+)
2

W2 2' = 1(b- +b+),
(82)

S= '(b- - b+)

W21' = -- (b- - b+).

2
For the special case that 0 = 0' = y and ýp = p' (forward scattering), we get w = C - ow(. as expected
(C is the Jones matrix (56) for differential absorption-dispersion).

The above expressions (82) for the matrix components give a complete account of the polarization
effects for a single scattering process. They contain all the information (for dipole scattering transitions)
about the Hanle effect. with non-magnetic scattering polarization as a special case (when B = 0).

15. Stokes formulation of the transfer equation

The relation between the Stokes parameters Sk and the density matrix was given by Eq. (69). Since the
derivative of this expression commutes with the trace operation, we obtain

dW - trace(oak ds (83)

According to Eq. (66),

_ = dJ J d Jt (84)
ds ds cds

The derivative of the Jones vector was obtained in our previous Eq. (55), which with the defining Eq.
(64) may be written as

d= i-CJ. (85)
c

We then obtain, after some algebraic manipulations, after application of Doppler and collisional line
broadening, and after adding an emission term,

dSk1
dsk = - 2j[i trace (of afooj) + 71" trace (o'aoj'i)]SjTs i(86)

+ I 0 S E H' trace (o'kei) .
2
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S is an unpolarized line source function. which in the case of LTE equals lhe Planck funtci, iiB '• Th
The form of the emission term follows from the requirement that detailed balance bet ween einissloi an)d
absorption (implying vanishing spatial gradients) should be achieved for an unpolarized radiation field
of intensity S (which may in general differ from the Planck function).

The transfer equation (86) may be recast in the form

ds

or in matrix notation as
dS
ds -MS+j.

where M is the Mueller absorption matrix, and j is the emission vector.

N(a,v) = H(a,v)- 2iF(a, v). (9)

H(a, v) is the Voigt function, F(a, v) the line dispersion function.
After some further algebra we obtain

/ Hi Hq Hu Hv
Hq Hr 0 0

M = flHu 0 HI 0

(HV 0 0 HI (90)0 0 0 0H

+2K 0  0 Fv -Fu+,0 - Fv 0 FQ

(0 Fu -FQ 0

j = NOS HQ (91)
Hu "
Hv

This relation is valid quite generally for non-LTE problems without coherent scattering. The non-LTE
physics enters in the calculation of the value of the scalar source function S.

HI = Hd sin 2 - + !(H- + H+),

Hq = Hdsin2 -ycos2x, (92)

Hu = HA sin2 - sin 2X,

Hv = I (H- - H+) cosy,
2

with
Hq = H(a,v-qvH), q =0,±1,

1 1 (93)

HA = ![H 0 - I(H- + H+)].

The corresponding expressions for FI,Qu,v are obtained if we simply replace H in Eqs. (92) and (93)
by F.

Finally, if we add a continuum and an optical depth scale, and denote the Stokes vector by I4 instead
of 5, the Stokes transfer equation (88) may be written

d (,
j'7 (iq+ E). -(S~tI + j),(94)
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w'here -- is a scalar line source function, which may quite generally be determlled bh non-LTE prWesCs
excluding coherent scattering (Hanle effect). Thus while the continuum is here assunmed to b- frnve, i
LTE. the line radiation can be treated in general non-LTE.

HI HQ Hu Hv \

H 1 H t 2Fv -2F F
HU -2Fv H 2FQ ()

Hv 2Fu -2FQ H /

170 = 'Co/'C .-. 9•

No H(a. 0) is the line center opacity, P the continuum opacity.
E is the identity matrix with the diagonal elements equal to unity while the off-diagonal elements are

zero. 1 is a four-vector representing unpolarized light with an intensity of unity, i.e., the first position is
unity while the remaining three are zero.

16. Coherent scattering in the rest frame

The 2 x 2 density matrix can also be represented in the form of a 4-dimensional vector D. defined as

Pi1

D P12 (97)(P21
P22/

where Pij are the components of PR. This vector is transformed by a medium according to

D' = WD, (98)

where

W = w ®u w. (99)

The symbols & and * denote tensor product and complex conjugation, respectively.
The transformation matrix W for the vector version D of the density matrix, as defined in Eqs. (98)

and (99). can be transformed into a Mueller matrix through

M = TWT-', (100)

where

T= 0 0 -1
01 1 0 '(0 i -i 0(11

T-1 0 0 1 .i
0 0 1 iz

1 -1 0 0

The incoherent superposition of many scattering events cannot be done within the Jones formalism.
but requires the density matrix or the Stokes formalisms. The Mueller matrix Mc for a single scattering
process can be directly derived from the corresponding Jones matrix, which according to Eq. (78) is

W2 §ikr (10 )

--' . (102)
27rc 2 r

Using Eqs. (99) and (100) we then obtain
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M =c - 4jc•4  T (w : w') T-' ( 103)

where the transformation matrices T and T-1 are given by (01).
If the incident Stokes vector (per unit solid angle) is 1', propagating in a direction characterized by

colatitude 0' and azimuth ;'. then the Stokes vector per unit solid angle, scattered in the direction giveti
by 0 and , and denoted by the vector j, . is obtained by integrating over all the incident directions
(differential solid angles dw'), thus adding up the stochastically independent contributions from all the
incident solid angles:

S= J r 2 M"I' dW'. (104)

The r2 factor compensates for the 1/r-2 factor in M,,, such that r2 M,, represents scattering from one
unit solid angle into another unit solid angle.

Inserting Eq. (103) into (104), we thus obtain

= st IT(w®w.)T- d' P (105)

The tensor product wtow* in Eq. (105) contains not only the squared terms, but also the cross products
connecting different q values with each other. It is these terms that represent the interference or coherence
effects, and these interference effects depend on the strength and direction of the magnetic field. The
magnetic-field dependent polarization phenomena resulting from this interference are commonly denoted
by the term Hanle effect.

17. Frequency averaging of the scattering matrix

Physicaly the frequency averaging is done by the Doppler broadening within the overall process of
frequency and angular redistribution of the scattered radiation. The frequency-dependent terms to be
averaged in the tensor product wt ® t"w are of the type (nq - 1)(n;, - 1). It may be shown that

c(n, - 1)(n;, - 1)dy oc cosaqq' e (106)

We have here defined an angle aq-q' by

tan ckq'..' = (q -- q')vt = (q - q')gbwL (107)ta a_¢= 2a = (O7

where the Land6 factor gb of the excited level appears in a quantum-mechanical treatment (in the classical
framework gb = 1).

18. Origin and nature of the Hanle effect

The essence of the Hanle effect is contained in the angle aq_¢. Only when interference effects are present,
i.e., when q - q' # 0, does this angle differ from zero, provided that the field strength, which enters via
vpg or aJL, is also non-zero. q - q' may assume the values ±2, ±1, or 0.

The Hanle effect (magnetic-field dependence of the interference terms) manifests itself via the two
factors cos a and eia. The cos a factor is a scaling factor that decreases from unity towards smaller values
when the field strength increases from zero to larger values. This factor corresponds to depolarization
caused by the magnetic field. The phase factor eia on the other hand gives rise to a rotation of the plane
of linear polarization. The rotation angle increases with the strength of the magnetic field.
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To see how these effects explicitly appear in the scattering matrix, let us calculate the romponent
[" 4 4 of the matrix VV = w ýD w*.

=W .2,w _, = ( b + Ib+ 12 + b b; + b b+) (108)

where bl is given by Eq. (81).
In the case of the non-interference terms lb± 12, not only the angle acq.,,, but also the phase term in

bq involving the azimuth angles, vanishes. The frequency averaged value of WV.14 is obtained by inserting
the result (106) for the different terms in Eq. (108), giving

W44 1 + cosa 2 cos[2( - (')-a2 . (109)

The first. constant term on the right-hand side of Eq. (109) represents the incoherent contribution from
the squared terms, while the second term represents the coherent contribution from the interference
terms.

19. The Hanle -effect phase matrix

For the special coordinate system where the polar axis is along the magnetic field vector the Hanle
effect phase matrix (normalized Mueller scattering matrix) in the weak-field limit (3.-qLH < 4111D) can bewritten as 

3 
(10

wrte sP(O', o'; 6, 0) = EI + I4(W1 P' W2 P2) .(110)
4

Ejj denotes a matrix that has element Ejj = 1, while all the remaining elements are zero.

P1 = [up' + 2cosai sin0 sin9' cos(,O - 0' - a 1)]E 44 , (111)
p 2 _p +p2cosai sin9 sin0' [P2 cos(-'- a,) + P2 1 sin(6-b' - al)j

2cosa sin I -(112)

+ cos a, {P• cos[2(0 - ,') - (2] + P 2 sin[(o - 6') - a1]12

where 1-3 U)(1 - 3,•2) (I- 3, 2)(I - p'2) 0 0where 3p1)(L-p,,)i2 (I -2)(l - 3/j'") (1 -3 32)(I - A12) 0(13
p 2 0 0 0 0)' (113)

0 0 0 0)

0) + E 33 , (114)
0 0 0

p •_ l = - • ' _0 , 0 '(1 1 5 )(00 0 0 0

(-')(1-p ) -(1- 2 )(1+,' 2 ) 0 0)
S0 (1+0 0)(1+') 0 00=1 4-JA ( 6)

0 0 0 02 •= 01 + (2( _P2) + y2(1 "'1)" 0 0r
02(1 P2 ( - #2" -)(1 + IA") o 0)

0 0 0 0
0 0 -(1 i

2
)1A 0 (117)

0(~ p 2 0p1~t 2 0 0)
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The factors II', and iV2 depend on the .1 (total angular momentum) quantum numbers of the upper
and lower levels of the transition. For the purely classical case they are both equal to unit%.

20. Stokes transfer equation. including the Zeeman and Hanle effects

We can now summarize our results by incorporating them into a final radiative transfer equation, obtained
by replacing the emission vector SLI7I in Eq. (94) by j/',. The line emission vector can be described
as the sum of three contributions:

J =jI.oh + jc + th. lB

j,.h represents coherent scattering (undisturbed by collisions), j,c incoherent (collisionallv disturbed)
scattering, and jth "thermal" emission. i.e., emission that does not represent a scattering process.

The transfer equation then becomes

dIL.
= (n + E),, - S - SL[c( - k)+- .(119)

drL,) 
ti 7

Here cri, and aCh are coefficients indicating the relative weights of incoherent and thermal emission.
respectively. They depend on the atomic level populations and transition probabilities. k. denotes the
fraction of all the scattering processes that occur as coherent scattering, which means that the fraction
I - k,. occurs as incoherent scattering.

S 7NN , (120)
YN + 7c

where 1"N and -yc are the radiative and collisional rates, respectively.

e dw / dv' (K' Io + K'Q., + K' U, + K;', V,). (121)

KI!.Q.Uy = Hj,qu,v1Vr, where H[,Q,UV have been given by (92). The coherent scattering vector Joh.
which generally has a very complicated dependence on the scattering geometry, the magnetic field vector,
and the partial redistribution processes, can in the weak-field limit be approximated by

o - [a, J dv' + (1- a,)JO ], (122)

where a is the scattering cross section, a,, t: I in the line core (jzIuj 3ZWD), and a, = 0 in the wings.
The vector J, is defined by

J,= p, dw_•' (123)

JO is the non-magnetic counterpart of J.. While the core expression (the first term) is only valid in the
weak-field regime (Ivg <,dt A/D), the wing expression (the second term) is valid independent of the field
strength. as long as frequencies with ['4[I > •g ,H are considered. At intermediate frequencies, or for
arbitrary field strengths, a more complete partial redistribution treatment is needed, the results of which
would appear too messy if expressed in analytical form, so this is a problem for numerical computation.

Due to space limitations we have not here exposed the rather lengthy treatment of partial redistribu-
tion of polarized radiation, which as a special case contains the complete derivation of Eqs. (119)-(122).
including explicit expressions for the parameters in these equations. Some heuristic arguments for writing
Eqs. (119)-(122) in the present form can be found in Stenflo (1978) and Stenholm and Stenflo (1978).
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Discussion

E. Landi Although the results obtained by the classical theory are known for a long time, and are just a
particular case of the more general ones deduced through the quantum theory, a classical derivation of the
transfer equation for polarized radiation from first principles is however useful to have an intuitive grasp of
the physical phenomena involved.
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Abdsrad

We present in the following the work which has been done and which is being
done using the atomic density matrix formalism, for the interpretation of linear polarization
measurements, leading to the magnetic field diagnostic in astrophysical media. This formalism
has been used for interpreting polarization data from solar prominences, leading to original
results on the prominence magnetic field obtained through the Hanle effect. An attempt is made
to solve the coupled problem of polarized radiative transfer and statistical equilibrium in the case
of weak, intermediate and strong magnetic fields, using a method of the integral method type;
the advantages of this method, with respect to other methods, of the differential method type,
are briefly discussed.

I - INTRODUCTION

The density matrix formalism is born in the sixties (Fano, 1957), in order to have a
quantum formalism able to describe the interaction between a "small" system (an ensemble of
atoms) and a "large reservoir" (a bath of photons and/or perturbers). The main advantage of the
density matrix formalism, with respect to the wave function formalism, is its ability of treating
in an average manner an ensemble of identical physical systems, without mutual interaction,
whereas the wave function formalism is adapted to the description of one individual system.
"The first attempt was made by Cohen-Tannoudji (1962) (see also Happer, 1972), in view of
developing a quantum theory of optical pumping (atom-photon interaction); the development of
the density matrix on the basis of irreducible tensors, well adapted for taking into account the
symmetries of the problem, was furtherly introduced in the formalism by Omont (1965, 1977),
together with the atom-perturber interaction.

Another advantage of the density matrix formalism is its ability of evaluating the
atomic Zeeman coherences, or wave function interference effects between different Zeeman
sublevels. The atomic coherences are given by the non-diagonal elements of the atomic density
matrix, whereas the diagonal elements give the sublevels populations. The atomic Zeeman
coherences play an important role in th ' Hanle effect; more precisely, they are created by the
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anisotropy of the incident radiation, and partially destroyed by the magnetic field, this effect
being the Hanle effect itself, leading to a partial depolarization or increasing in polarization (in
some particular scattering geometries) and rotation of the linear polarization direction.
Therefore, the density matrix formalism is the most adapted formalism to be used for the
interpretation of Hanle effect measurements in Astrophysics.

In the following, we present the work which has been done and which is being
done using the atomic density matrix formalism, for the diagnostic of magnetic fields in
astrophysical media. We present as an introductoring step a classification of the different
magnetic field regimes which can be found, namely the weak, intermediate and strong field
regimes (section 1I), and we discuss for each regime the sensitivity to the Hanle and Zeeman
effects.

In a first step, the case of weak magnetic fields (Hanle effect) has been tackled, for
interpreting polarization data from solar prominences, in optically thin (Hel I3, HP3) and
optically thick (Ha) lines; the interpretation of measurements in lines of different optical
thickness is a method capable of solving the fundamental ambiguity which remains in any
polarimetric measurement of the magnetic field. Firstly, we have used the density matrix
formalism, by taking into account the non-vanishing Zeeman coherences, for comDuting the
magnetic field effect on an optically thin line. These computations have led to the interpretation
of measurements in terms of magnetic field diagnostic and original results have been obtained
for solar prominences (section III).

We have then tackled the coupled problem of polarized radiative transfer and
statistical equilibrium of the atomic density matrix, for computing the emergent polarization of
an optically thick line in the weak field regime (section IV. 1). Two methods have been
developed in this aim: firstly, an iterative method, which is capable of treating the case of a
multi-level atom; secondly, a "global" (non-iterative) method, for a two-level atom, which has
been used to validate the results of the iterative method, which has been restricted to the first
iteration. The advantages of our method, which is of the integral method type, with respect to
other methods, of the differential method type, are briefly discussed in this section.

In a second step, we have tackled the computation of the emergent polarization of
an optically thick line in stronger fields, when the Zeeman shift of the components can no more
be neglected (section IV.2). We present a theoretical approach of the coupled problem of
polarized radiative transfer and statistical equilibrium, using the atomic density formalism, in
the case of a two-level atom.

HI- CLASSIFICATION OF THE MAGNETIC FIELD REGIMES

Three magnetic field regimes can be distinguished, if one compares the Zeeman
splitting to the natural width and to the Doppler width of the line. In the weakfield regime, the
Zeeman splitting is of the order of magnitude of the natural width; in the intermediate field
regime, the Zeeman splitting is much larger than the natural width, but much smaller than the
Doppler width; in the strongfield regime, the Zeeman splitting is of the order of magnitude of
the Doppler width.

For a more quantitative description of these regimes, one can introduce the two
parameters Fand y, giving the ratio between the Zeeman splitting and the natural width on the
one hand, and between the Zeeman splitting and the Doppler width on the other hand, and
which are defined by:
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F = gj,-(1)

A

VL
Y = gj" - (2)

where g1. is the Landd factor for the upper level, %L is the Larmor frequency given by:

eB vz. _ ,(3)
4L -1rm c

e
where B is the magnetic field strength, A the Einstein coefficient for spontaneous emission, and
A Vy the Doppler broadening of the line, given by:

V T _ r_1 I (4)
A VD= X0 X \

where is the thermal velocity, ý the wavelength of the line, k the Boltzmann constant, T the
temperature, m the mass of the atom.

For a typical visible line, one has:
A = 108 s- 1

Xg = 5o0o A

gj,= I

vT1= 2 km s- (5)

which corresponds to a temperature of 5800 'K for an atom with m = 12 u.m.a.. Taking into
account these typical values, and the fact that:

VL
- = 1.4 MHz/Gauss (6)
B

one obtains that F= 1 for a magnetic field B = 11 Gauss, which means that, for this magnetic
field strength, the Zeeman splitting is equal to the natural width, and y = I for a magnetic field
B = 2850 Gauss, which means that for this magnetic field strength, the Zeeman splitting is
equal to the Doppler width of the line. As for the ratio Fly, which is the ratio between the
Doppler and the natural width:

S2x/v 2 Irv
r A V Ta

1' A 2O

one has for these typical values:

-=2.5 x 102 (8)
7
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One can then define the 3 magnetic field regimes:

i) the weakfield regime, defined by I-= I and y7 1, which leads to a magnetic field strength B
=- 11 Gauss for the typical values; in this field regime, the Zeeman splitting is of the order of
magnitude of the natural width, and interferences can be found between the Zeeman sublevels,
which are destroyed only partially by the magnetic field; this leads to non-vanishing
non-diagonal elements of the density matrix, which are called "Zeeman coherences"; these
coherences are modified by the magnetic field, leading to the Hanle effect, and this field regime
is the Hanle effect regime. In this regime, the Zeeman shifts of the line components are very
small with respect to the line width, and can be neglected for computing the line polarization.

ii) the intermediate field regime, defined by »'>> I and y << 1, which leads to a magnetic field
strength B - 250 Gauss for the typical values; in this field regime, the Zeeman splitting is much
larger than the natural width, but much smaller than the Doppler width; owing to the first
inequality, the Zeeman coherences are completely destroyed by the magnetic field (in the
reference frame where the magnetic field direction is the quantization axis) and no Hanle effect
can be found; owing to the second inequality, the Zeeman components of the line are not
separated, and some approximations (based on the fact that the Zeeman shift is small c ,npared
to the line width) can be introduced in the radiative transfer theory, in which this regime is
called weakfield regime, which must not be confused with the Hanle effect regime described
above.

iii) the strong field regime, defined by F>> 1 and y- 1, which leads to a magnetic field strength
B - 2850 Gauss for the typical values; in this field regime, the Zeeman splitting is of the order
of magnitude of the Doppler broadening of the line, and the approximations introduced in the
weak field hypothesis in the radiative transfer theory can no more be used. One has to take into
account in a non-approximated manner the Zeeman shift of the components of the line.

III. OPTICALLY THIN LINES AND THE HANLE EFFECT

The first problem which has been tackled using the density-matrix formalism is the
statistical equilibrium of an atom, submitted to an anisotropic incident radiation field and to a
weak magnetic field, in the Hanle effect regime. Namely, the HeI Dý and HP3 lines of solar
prominences, which are optically thin, have been studied; as a firs( step, the theory of the
statistical equilibrium for the atomic density-matrix has been established; in a second step,
computations of the magnetic field effect have been achieved ane. the method of diagnostic of
the magnetic field vector using the linear polarization data has been derived, leading to some
results in a final step.

1Il-.1 Theory and computation of diagrams

The theory of the statistical equilibrium of the density-matrix has been firstly
established, for an atom submitted to an anisotropical incident radiation field and to a weak
magnetic field, by completing for the case of a multi-level atom the formalism which had been
previously established for laboratory purposes (Cohen-Tannoudji, 1975), in which one
considers a two-level atom submitted to a totally directive incident radiation field. Such a theory
can be found in Bommier (1977), Bommier and Sahal-Brichot (1978), and Landi
Degl'Innocenti (1982).

The magnetic field effect (Hanle effect) on the line polarization has been computed,
and the results are generally given in diagrams, giving the line linear polarization as a function
of the magnetic field strength and direction. The diagrams for the Hel Dý line, unresolved in its
two main components, can be found in Bommier (1977) and Sahal-Brdchot, Bommier and
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Leroy (1977); the He! D) line was unresolved in this work, devoted to the interpretation of data
from Pic-du-Midi, obtained by J.L. Leroy, who used a polarimeter with a Lyot filter. The
diagrams for the two main components of the Hel D3 line can be found in Landi Degl'lnnocenti
(1982), whose work was devoted to the interpretation of data obtained by R.N. Smartt at
Sacramento Peak, using the Stokes [I spectro-polarimeter.

Furtherly, the diagrams have been completed for stronger fields by Bommier
(1980), who has introduced the coherences corresponding to level-crossings in non-zero
magnetic field, which occur for the Hel D line in tIe Hanle effect regime owing to the small
fine structure splitting between the He] -D and " 2 levels; these level-crossings have a
polarizing effect, which leads to "loops" in the diagrams, which can be found in Bommier
(1980) and Landi Degl'Innocenti (1982) for the HeI D3 line unresolved and resolved in its two
main components respectively.

MIL2. "Inversion" of diagrams and multi-line diagnostic

The next step is to "invert" the diagrams, in order to obtain the magnetic field as a
function of the line polarization, in order to achieve the magnetic field diagnostic. The
polarization data can then be interpreted in terms of magnetic field vector solutions. In the case
of a one-line diagnostic, the number of magnetic field solutions is infinite, because one has to
determine the 3 coordinates of the magnetic field vector, and one observes 2 parameters only,
the linear polarization parameters of the line. In the case of one-line observations, as in the
Pic-du-Midi data where the He! 1) line is not resolved, one hypothesis on the field direction
has to be added in order to determine completely the field vector; in the prominences case, this
hypothesis was the horizontality of the field line. The complete determination of the field vector
requires in fact a multi-line diagnostic. Bommier, Leroy and Sahal-Brdchot (198 1), have shown
that 2 lines with different sensitivity to the magnetic field strength (different values of the F
parameter) are sufficient to determine completely the field vector. This is the case of the
Sacramento Peak data, where the He! 1) line is resolved in its two main components.

However, an ambiguity remains, which gives as undistinguishable solutions two
field vectors symmetrical with respect to the line-of-sight. This ambiguity, which is called the
fundamental ambiguity because of its fundamental origin, is due to the fact that the atom is
insensitive to the propagation sense of the incident radiation, because the atomic size is very
small with respect to the wavelength of the radiation. Such an ambiguity is found in any
polarimetric diagnostic of the magnetic field. Bommier, Leroy and Sahal-Brichot (198 1) have
shown that a possible method to solve this ambiguity in the case of prominences observations is
to compare the two solutions obtained during several following days, when the scattering
geometry is modified from day to day. However, the number of such observations remains too
small to lead to significant results, but a trend can be observed: within the 9 cases observed, the
magnetic field line lies along the prominence long axis is 2 cases, an angle of 150 between the
filed line and the prominence long axis is found in 4 cases, and an angle of 200 is found in 3
cases.

[UI3 - Results of prominences magnetic field diagnostic

The interpretation of linear polarization data from prominences has led to the results
which are summarized hereafter.

Using the Pic-du-Midi coronagraph, the polarization of the Hel I) line, unresolved
in its two main components, has been firstly measured. As mentioned above, the interpretation
of data requires a supplementary hypothesis on the field direction, which has been the
horizontality of the field lines. Taking into account this hypothesis, the data have been
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interpreted in terms of magnetic field diagnostic in 120 prominences of the Polar Crown
(Leroy, Bommier and Sahal-Brdchot, 1983), and in 256 prominences of medium and low
latitude (Leroy, Bommier and Sahal-Brdchot, 1984), observed during the ascending phase of
Cycle XXI. For each object, two solutions symmetrical with respect to the line-of-sight are
found, owing to the fundamental ambiguity. As a consequence, the field intensity is determined
without ambiguity, and is found to be in average 6 Gauss at the beginning of the cycle, and 12
Gauss just before the maximum, in the Polar Crown prominences sample. In these
prominences, which are most often seen edge-on, the field component along the prominence
long axis is determined without ambiguity also, and its direction seems to depend closely on the
polarities of the high latitude photospheric field (see Fig. 5 of Leroy et al., 1983). In the
medium and low latitude sample, the fundamental ambiguity has been solved through a
statistical analysis of the directions of the two solutions; the statistical result is the following: on
the one hand, the prominences of total height lower than 30,000 km are found to have the
normal polarity with respect to the photospheric field; the average angle between the field and
the prominence long axis is 20° and the average field strength is 20 Gauss; on the other hand,
the prominences of total height higher than 30,000 km are found to have the inverse polarity
with respect to the photospheric field; the average angle between the field and the prominence
long axis is 25° and the average field strength is 5-10 Gauss.

With the Stokes II polarimeter operating at Sacramento Peak, the two main
components of the Hel 1D line were resolved, which has given the possibility of a multi-line
diagnostic, leading to the complete determination of the field vector. 2 prominences (Quefeld,
Smartt, Bommier, Landi Degl'Innocenti and House, 1985) and 14 prominences (Athay,
Querfeld, Smartt, Landi Degl'Innocenti, Bommier, 1983) have been analyzed; for each
ooserved point, two solutions symmetrical with repect to the line-of-sight are obtained, owing
to the fundamental ambiguity. The two solutions are always found to lie near the horizontal
plane, and the horizontality of the field is therefore established. The same statistical analysis of
the field direction as the one performed on the Pic-du-Midi data has been performed, and has
led to the same results (Bommier, Leroy and Sahal-Brdchot, 1985).

The Pic-du-Midi coronagraph polarimeter has then been adapted to observe
simultaneously the HeI !) line and one Hydrogen line, Ha or HP. The interpretation of the Ha
data requires to take into account the radiative transfer, which has been the aim of a further
work; the interpretation of the data in Hel I 3 and H3 has provided another multi-line
diagnostic, which has been performed on 14 prominences; as a result, the horizontality of the
field line is confirmed; in this case, in addition of the 3 coordinates of the magnetic field,
another parameter, namely the electron density, is derived through the analysis of the 4
observed linear polarization parameters. The electron density is determined through the
depolarizing effect18 f colljsions of electrons and protons with the hydrogen atom, and is found
to be in average 10 cm- (Bommier, Leroy and Sahal-Br~chot, 1986). It must be emphasized
that, at these electron densities, the Stark effect is too small to be measurable and can therefore
not be used for the electron density diagnostic.

IV - OPTJCALLY THICK LINES

The computation of the linear polarization emitted in optically thick lines has been
tackled, in order to interpret the data obtained at the Pic-du-Midi in the Hydrogen Ha line of
solar prominences (Leroy, 1981), and in order to interpret data obtained on the disk, where
optically thick lines are formed, by the future polarization-free telescopes. This requires to solve
the coupled problem of statistical equilibrium equations for the atomic density-matrix, and of
the radiative transfer equations for polarized radiation, which have been derived in the
density-matrix formalism from the basic equations of Quantum Mechanics by Landi
Degl'Innocenti (1983a, 1984). This is a coupled problem, the polarized radiation entering the
statistical equilibrium equations for the atomic density-matrix, and the density-matrix elements
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entering the radiative tranfer equations for polarized radiation, as described by Landi
Degl'Innocenti (1983b). The solution of this coupled problem can be obtained, either by an
iterative method, the statistical equilibrium equations for the atomic-density matrix being solved
at step N taking into account the intensity and anisotropy of radiation in each point of the
medium obtained by integrating the radiative transfer equations from the solution at step N-1,
or by a "global" method, which is of the integral method type.

IV.1 - Case of the weak field regime and the Hanle effect

IV.1.1 - Iterative method for computing the emergent polarization of the Ha line of
prominences

The interpretation of simultaneous measurements in one optically thin line (Hel D)
and one optically thick line (Ha) is actually the only method able to solve the fundamental
ambiguity on individual cases: in fact, the anisotropy of the incident radiation, and then the
scattering geometry, is not the same in the optically thin case and in the optically thick case.
Therefore, the two solutions obtained with the optically thin line are symmetrical with respect to
the line-of-sight, whereas the two solutions obtained with the optically thick line are not; the
parasitic solution can then be eliminated by comparing the two two-fold solutions.

The polarization of the Hot line of solar prominences has been computed using the
iterative method, for prominences seen at the limb (Landi Degl'Innocenti, Bommier and
Sidhal-Br6chot, 1987) and for prominences seen on the disk (Bommier, Landi Degl'Innocenti
and Sahal-Brdchot, 1989). One starts from a solution of the coupled problem without
polarization (Heasley and Milkey, 1978), which provides the source function for intensity in
each point of a grid of points; the radiative transfer equations are then integrated, in order to
provide the intensity and anisotropy of the incident radiation in each grid-point; the statistical
equilibrium equations for the atomic-density matrix are then solved in each grid point, taking
into account the magnetic field and depolarizing collisions effects; at a final step, the radiative
transfer equations for polarized radiation are integrated along the line-of-sight, in order to
provide the emergent polarization. This is the first iteration of the iterative method, which has
been applied to the multi-level case of the Hydrogen atom (Ha line) in a 2-dimensional medium
(solar prominences); the validity of the restriction to one iteration has been tested later, by
comparison with results given by the "global" method (see next sub-section).

In the case of prominences seen at the limb, a preliminary interpretation of data for
2 prominences can be found in Bommier, Landi Degl'Innocenti and Sahal-Brdchot (1990),
which shows that the ambiguity is solved in the two objects, which are both found to be of the
inverse polarity. As for prominences seen on the disk, the Hanle effect is found to be a
polarizing effect in this scattering geometry, instead of the depolarizing one observed for
right-angle scattering (see Fig. 8, 9 and 10 of Bommier, Landi Degl'Innocenti and
Sahal-Brdchot, 1989); this leads to an observable linear polarization, of the order of 1-2%,
which could be observed by future polarization-free telescopes; the fundamental ambiguity
could be solved either by comparing several points observed perpendicularly to the filament
axis, or by observing the same filaments at different positions on the disk, and by comparing
the obtained solutions.

P1.1.2 - "Global" method for a two-level atom

The global method has been developed, in order to study the validity of the results
obtained with the iterative method restricted to one iteration, used for computing the polarization
of the Ha line of solar prominences. The global method has been developed for a two-level
atom, without polarization in the lower state; in this case, the statistical equilibrium equations
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for the atomic density matrix can be analytically solved, in terms of the intensity, anisoptropy
and polarization of the incident radiation; the radiative transfer equations for polarized radiation
is considerably simplified because the absorption matrix is diagonal, and the solution of the
radiative transfer equations in terms of source functions involving the density-matrix elements
can be reported into the statistical equilibrium equations for the atomic-density matrix, leading
to a system of integral equations coupling the density-matrix elements in all points of the
medium, which has to be numerically solved. This method is of the integral method type. The
general equations, which do not take into account the Zeeman shift of the components in the
pr- riles computations and are then valid in the weak field regime only, have been developed by
Landi Degl'Innocenti, Bommier and Sahal-Brdchot (1990) for a two-level atom imbedded in a
3-dimensional medium; the particular cases on 1-dimensional and 2-dimensional media are
treated.

This method, together with the iterative method, has been applied to the
computation of the polarization emitted by a two-level atom imbedded in a plane-parallel
atmosphere, in the presence of a weak magnetic field. The convergence of the iterative method
has been studied; it has been found that, in the case of a normal Zeeman tiplet line (Q= 0 --+ P
- 1), the result of the iterative method restricted to one iteration is half of the converged or
global result; in this case, the iterative method restricted to 1 iteration is then not valid; on the
contrary, in the case of a line simulating very roughly the Hydrogen Ha line, namely the J =
3/2 -+ J' = 5/2 line, the result of the iterative method restricted to the first iteration agrees with
the converged or global result, if one considers the measurements uncertainties, which validates
the results previously obtained for the Hat line using the iterative method restricted to one
iteration (Bommier, Landi Degl'Innocenti and Sahal-Brdchot, 1991, see Fig. 7 and 8). The
difference in the results obtained for these two lines is due to the fact that the coupling between
the density-matrix elements of different grid-points is the strongest in the case of the normal
Zeeman triplet, and weaker for any other line.

Other methods could be employed to solve the transfer equations for polarized
radiation, in particular the methods of the differential method type. In this type of methods, the
unknowns to be computed are the Stokes parameters I, Q, U, V at each depth •r, at each
frequency v, and in each direction 12, which requires 3 discretizations in the computation. In
our method, where we use the atomic deniity-matrix formalism, the unknowns to be computed
are the 6 elements of the density-matrix pr at each optical depth r. The frequency integration is
contained in the computation of the kerrls coupling the density-matrix elements at different
depths. Then, 1 discretization only (onrr) is required in the computation. The discretization onv
is achieved in the kernels computation. The discretization on S2 is completely avoided, all the
information on the anisotropy of the radiation being contained in the density-matrix elements.
Therefore,the needed computer power is reduced, for our method, with respect to differential
methods, to reach the same precision of the results.

IV.2 - Case of intermediate and strong fields

Recently, the global method employed in the case of weak magnetic fields for
computing the emergent polarization of an optically thick line emitted by a two-level atom, has
been generalized to the case of intermediate and strong fields. This has been done by taking into
account the Zeeman shift of the line components in the line profile computation. The general
formalism, in which a generalized profile in the irreducible tensorial basis has been introduced
in this aim, has been developed for a two-level atom without polarization in the lower state,
imbedded in a 3-dimensional medium and in an arbitrary magnetic field (Landi Degl'Innocenti,
Bommier and Sahal-Brdchot, 1991a). The atomic coherences, responsible of the Hanle effect,
are taken into account. This formalism has been then particularized to the case of a
plane-parallel atmosphere, and intermediate and strong fields, by neglecting the atomic
coherences, which are .on-vanishing in the weak field regime only, in the reference frame
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where the quantization axis is the magnetic field direction (Landi Degl'lnnocenti, Bommier and
Sahal-Brdchot, 1991b). This formalism can be applied to numerical computations, which will
show if the anisotropy effects, which are fully taken into account in the density-matrix
elements, are of some importance on the emitted Stokes profiles in the intermediate and strong
field regimes.

V - CONCLUSION

The density-matrix formalism is well-adapted to take into account the anisotropy
effects, which can appear in the upper layers of solar or stellar atmospheres, or in anisotropical
scattering in objects located above the atmosphere, like solar prominences. These anisotropy
effects are fully contained in the density-matrix elements. This formalism is well-adapted also to
take into account the magnetic field effects, namely the Hanle effect, which acts on the
non-diagonal elements of the density-matrix, the so-called "Zeeman coherences", and the
Zeeman effect, which plays a role in the profile computation through the Zeeman shift of the
line components.

The use of the density-matrix formalism for linear polarization computation in
prominences has led to original results on the magnetic field vector diagnostic through the
Hanle effect, and to an electron density diagnostic in a domain where the Stark broadening is
too small to be measurable, in the case of optically thin lines. In the case of optically thick lines,
the use of the density-matrix formalism reduces the number of unknowns to be computed for
solving the transfer equations for polarized radiation in the presence of a magnetic field.
Therefore, computations of the emergent polarization emitted by a two-level atom in a
plane-parallel atmosphere imbedded in a weak magnetic field (Hanle effect), as well as that
emitted in Ha in solar prominences, have been achieved. Recent advances in the formalism for
computing the emergent polarization emitted by a two-level atom in a plane-parallel atmosphere
imbedded in an intermediate or strong magnetic field (where the Zeeman shift can no more be
neglected) will lead to computations, which will show if the anisotropy effects, which are fully
taken into account in the density-matrix elements, are of some importance on the emitted Stokes
profiles.

Such a formalism is a powerful tool for the interpretation of polarization data, like
those which will be obtained by the future polarizatrion-free telescopes, from the upper layers
of the solar atmosphere, in which the anisotropy and magnetic field effects play an important
role.
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Discussion

J. Staude: Do you expect a decrease in the non-isotropy of the population of Zeeman sublevels, if more
than 2 levels are considered in the model atom?

V. Bommier: The non-isotropy of the populations of Zeeman sublevels is transmitted from one level to a
lower one through the spontaneous emission process; by this process, it is not destroyed at all. Such an effect
(non-isotropy of several levels) can be observed on the diagrams giving the Hanl effect for the HeID3 line
of prominences, where the alignment of the lower levels lead to shoulders which can be seen on the diagrams
(Sahal-Brichot, Bommier, Leroy, 1977, Astron. Astrophys. 59, 223; Bommier, 1980, Asiron. Astrophys. 87.
109); however, our theory developed for optically thick lines is not able, at the present time, to consider
more than 2 levels and alignment on the lower level.

J. Stenflo: About 10 years ago we produced an atlas of linear polarization 10 second of arc inside the solar
limb, using the FTS and the grating spectrometer of the McMath telescope. It revealed a large number of
lines (some hundred) showing coherent scattering polarization, i.e. atomic transitions with significant atomic
polarization of the excited state.



444

Non-LTE formation heights of Stokes profiles of Fe I lines

J.H.M.J. Bruls

Sterrekundig Instituut Utrecht
P.O. Box 80000, NL-3508 TA Utrecht, The Netherlands

B.W. Lites, G.A. Murphy

High Altitude Observatory
National Center for Atmospheric Research'
P.O. Box 3000, Boulder, CO 80307, U.S.A.

Summary. We study the formation properties of the diagnostically important Fei lines at 6302.5 A and 5250.2 A in
four different model atmospheres, ranging from cool umbra to hot network. Its weak temperature sensitivity makes
Fei 6332.49 A a very suitable diagnostic, whereas the formation of Fet 5250.2 A is more problematic. Its formation is
shifted upward considerably in the cooler models, so that its source function senses the chromospheric temperature
rise; magneto-optical effects dominate its linear polarization.

1 Introduction

In work in progress we are studying the formation of a number of diagnostically important Fe i lines
with the goal to check and interpret results from the Lites-Skumanich inversion procedure for Stokes profile
observations (Skumanich and Lites, 1987). Here we report preliminary results concerning Fei 6302.5 A and
Fe 1 5250.2 A. These lines are representative of two major classes of iron lines: X6302.5 A represents lines
with excitation energy above about 3 eV, A5250.2 A lines below 3 eV excitation. More detailed results,
including other lines (Fe 1 6301.5, 5247.05, 5434.5, 8688.6, 6173.3, 5576.1, 15648.5 and 15822.8 A) will
be published elsewhere. We compare results for four different atmospheric structures: quiet Sun, bright
network, penumbra, and umbra.

We employ the Carlsson-Scharmer operator-perturbation code (Scharmer and Carlsson, 1985; Carlsson,
1986) to compute field-free radiative transfer and statistical equilibrium, and the Rees-Murphy DELO code
(Rees et al., 1989) to evaluate Stokes profiles from the opacities and source functions from the field-free
computation. The latter code generates Stokes profiles from the CRD line source function, including
magneto-optical effects and assuming L-S coupling. We also use this code to compute line depression
contribution functions as an indicator for the formation depth, in the magnetic as well as the non-magnetic
cases (Murphy, 1990; see also Grossmann-Doerth et al. 1988).

2 Field-free radiative transfer and statistical equilibrium

2.1 Input parameters and model atom

Our sample of lines includes low and medium excitation lines in the visible and high excitation lines in
the infrared; it requires a model atom with only quintet and septet terms. We use a partial and modified
version of the Fe i model atom of Steenbock (1985) and Gigas (1986).

The collision cross sections were all set to vra4, rather than using values that result from fitting line
profiles, e.g. Steenbock (1985). The photoionization cross sections were also revised. For the lower levels we
use the values adopted by Lites (1972) with hydrogenic wavelength dependence; the other cross sections are
assumed to be fully hydrogenic. The ionization is dominated by photoionization out of levels at intermediate
(3-4 eV) excitation energy, using near-ultraviolet radiation, and is balanced by radiative recombination
to the lower levels. The ionization equilibrium is mainly sensitive to the overall ratio of the bound-free

'The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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cross sections of the intermediate levels to the cross sections of the lower levels. For example, adopting
hydrogenic cross sections for all levels produces 30 to 40% less neutral iron in the Line formation region.
The sensitivity to the absolute scaling of the cross sections is of secondary importance.

In order to obtain computed quiet Sun profiles that resemble the observed ones we multiply the
standard Van der Waals broadening width, computed following Uns6ld (1955) from the 7- values of Hofsiss
(1975), by 2.8 in the case of A5250.2 A and increase the gf value of A6302.5 A by a factor of 1.8. We do
not explicitly introduce macroturbulent broadening.

2.2 Model atmospheres

We select the four semi-empirical model atmospheres shown in Fig. 1 and combine these with the
depth-independent magnetic fields of various strengths and inclinations specified in Table 1. This selection
is representative of many solar surface features.

Table I: Magnetic field configurations. The quiet Sun model is without magnetic field. For all configura-
tions the azimuth angle X is zero.

Model and reference Field strength (Gauss) Inclination angle -
Quiet Sun, VAL-C, Avrett (1990) 0 00

Bright network, VAL-F, Avrett (1990) 1600 00

Penumbra, Ding and Fang (1989) 1200 750
Umbra model M, Maltby et al. (1986) 2500 100

-VAL-C

. .......... VAL-F
- Penumbra 16

- Umbra
UZ

,14

S.......... ...... ............ "- 2 '4. .. - . .

------- ------------------

to 10 .0001 .001 .01 .1 1 10 t0 .0001 .001 01 1 1 10
Continuum optical depth r, Continuum optical depth r',

Figure 1: Atmospheric parameters for all four models: VAL-C (solid), VAL-F (dotted), penumbra
(dot-dashed) and umbra (dashed). Left: electron temperature. Right: electron density (lower curves) and
total hydrogen density. The electron density of the published umbra model contains peaks for r, < 10-5
which were removed because they caused convergence problems.

2.3 Background opacities

The opacity package of the Carlsson-Scharmer code was adopted from LINEAR (Auer et al., 1972),
and has insufficient opacity in the ultraviolet because the influence of the 'line haze' is neglected. We
therefore multiplied the computed hydrogen opacities with suitable wavelength-dependent fudge factors,
fitting computed emergent continua for VAL-C to the observed values from the quiet Sun. The same
factors were then also applied to the opacities in the other three models. Results are shown in Fig. 2.
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For the umbra and penumbra this procedure is questionable due to the significant contributions by
molecules in the cooler layers. However, curves d-f in Fig. 2 show that the emergent umbral intensities
are only moderately sensitive to these opacity fudge factors. The overall ionization equilibrium (inset of
Fig. 3) is even less sensitive: the total neutral iron number densities change by less than 2% for factor 2
changes in opacity. The same holds for the populations of single levels because the excitation equilibrium is
determined mainly by the stronger lines, which are insensitive to changes in the continuum opacity. Other
experiments show that the spectral region shortward of the AlI edge at 2076 A is less important because
of its steep intensity decrease towards shorter wavelengths.

r I :
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10 -1- - t"'

to - ;-

2/t _10
Q) ~Umbra 0O5*KH
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Figure 2: Emergent continuum" intensities. The Figure 3: Ionization equilibrium: neutral iron
computed intensities are compared to observed populations Nri• relative to LTE values N1i~ i"
quiet Sun values (triangles) from Vernazza et al. The dash patterns represent the same models as
(19 76). The three curves labeled 'umbra' are for in Fig. 1. The inset shows the small differences
different opacity fudge factors, respectively stan- in the neutral iron populations for the continuum
dard added opacity (d), half the standard added opacity experiments in the umbra. The middle
opacity (e), and double the added opacity (f). curve is for standard added opacity.

3 Results

3.1 Ionization and excitation equilibrium

The ionization equilibrium (Fig. 3) behaves as one may expect from the temperature stratifications
in Fig. 1. Model VAL-C produces the largest overionization because its Planck function is very steep at
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the r -- 1 point where the UV continuum becomes optically thin, reaching a minimum that is much lower
than the local UV radiation temperature. VAL-F is, equally steep in the photosphere but it has a higher
minimum temperature and produces appreciably less overionization. The penumbra model has a less steep
temperature gradient which extends to large height. It produces a similar overionization pattern to that
of VAL-F, but it is shifted outward. Below the sharp chromospheric temperature rise the umbral model
has an LTE neutral iron population because the neutral stage is the dominant one at the low umbral
temperatures.
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Fig. 4 displays departures from LTE in the line source functions and line opacities, and other line
formation parameters. For all models the line source functions (upper left panel) are near LTE throughout
the photosphere and temperature minimum region, because all neutral iron levels share the ionization
departures equally due to strong radiative and collisional coupling; the source functions only drop below
the Planck function due to photon losses where the strongest lines out of each upper level become optically
thin, at a height slightly below their line center optical depth unity. For example the line source function of
A6302.5 A is determined by stronger lines such as Fe 15576.1 A from the same upper level. The A5250.2 A
line is much more opaque than A6302.5 A; in the umbra its source function drops below the Planck function
only just above the temperature minimum, causing a tiny emission core in its field-free line profile.

On the basis of the line-to-continuum opacity ratios i7o (Fig. 4, top middle panel) the lines can be
divided into two groups, represented here by the A5250.2 A and A6302.5 A lines. The A5250.2 A line
shows a distinct separation between the hot and cool models, combined with strong depth-dependence
of q(,. The A6302.5 A line displays smaller differences between the hot and cool atmospheres, and the
curves are virtually flat throughout the line formation region. This different behaviour results from the
temperature-dependence of the ionization and excitation equilibria. Lines with excitation energy below
about 3 eV are of the first type; they are temperature sensitive and are formed considerably higher in
the cooler models than in the hotter ones. The second group consists of higher excitation lines that are
temperature insensitive and have line center optical depth unity at approximately the same continuum
optical depth for all four models.

The damping parameter a (Fig. 4, lower left panel) varies rapidly with depth due to the strong
dependence of the Van der Waals broadening on the hydrogen density. The Doppler width (lower middle
panel) has only mild temperature dependence and is nearly constant over the line formation region, except
for the strongest lines that feel part of the chromospheric rise in temperature and microturbulent velocity.

The rightmost column displays the slope of the line source function dS,/dr". For a purely photospheric
line like A6302.5 A this parameter is fairly constant throughout the line formation region; it changes sign
due to the chromospheric temperature rise at a height where the line has already become optically thin.
However, the A5250.2 A line does sense this change of sign in the cooler models because it becomes optically
thin much higher than in the VAL models and its source function follows the Pldnck function more closely
than for the A6302.5 A line, giving rise to a deeper location of the point where the sign change occurs.

3.2 Contribution functions: depth of formation

Figures 5 through 8 show line depression contribution functions (CF). In general these consist of four
panels per line, one CF for each of the Stokes parameters I, Q, U, and V. We will refer to these curves as
CII', C111.@, Cnu, and CR.V, although what is plotted is actually rICR,.V(AA, r,) as defined by Murphy
(1990), where X stands for each of the Stokes parameters. The reason for plotting this quantity is that it is
better normalized: its depth integral can be directly compared to the matching Stokes parameter. We only
show CF's for the shorter wavelength side of the line profile because the absense of macroscopic velocities
implies that the Stokes parameters and CF's are either symmetrical or anti-symmetrical functions of AA.

For the field-free case only Stokes I is non-zero, requiring only one CF per line. For A6302.5 A the
field-free CF's (top 4 panels of Fig. 5) are similar for all four models, except that an increase in line strength
for the cooler models manifests itself as a slower inward decrease of the maxima towards the line wings.
The umbral C1,1* shows the onset of the separation between the formation regions of the line core and the
wings. For A5250.2 A the CF's show a striking difference between the hot and the cool models. In the
cool models the inner line core is formed much higher than the rest of the line; in fact the Doppler core
formation region is nearly completely separated from the wing formation region. The locations at which
r = 1 are indicated by tickmarks for a few AA's and coincide with the CF maxima.

The magnetic cases are shown in Figs. 6-8. The CF's CR, 1,, CR.t CI .u, and CR,V show that radiation
at the wavelengths of the separate Zeeman components originates generally deeper than the line center
radiation of the unsplit line, because the opacity per component is lower than for the unsplit line. Often it
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Table 2: Formation depths in terms of physical height h (in kin) and continuum optical depth -v, at line
center optical depth r, = 1, and line to continuum opacity ratio q() at continuum optical depth unity, all
for the field-free case.

VAL-C VAL-F Penumbra UmbraA () h !og r,. rj~j h log r,. qjj h togr, rA h log-r, r•

LTE !og........
6302.494 249 -1.60 2.71 232 -1.50 2.64 194 -1.62 18.2 190 -1.50 13.9
6301.497 337 -2.21 8.04 314 -2.07 7.84 253 -2.19 54.9 1 321 -2.22 42.7
6173.338 276 -1.80 1.45 247 -1.61 1.40 276 -2.41 21.8 385 -2.55 37.8
5576.090 310 -2.06 4.93 288 -1.92 4.84 243 -2.13 39.9 302 -2.17 36.8
5434.521 556 -3.88 64.7 523 -3.54 63.0 596 -4.99 2006 752 -4.77 6943
5250.210 31-2 -2.10 0.47 259 -1.74 0.46 425 -3.74 24.1 590 -3.74 135
5247.059 319 -2.15 0.49 265 -1.78 0.48 431 -3.79 25.6 597 -3.78 147
8688.615 475 -3.21 22.9 437 -2.91 21.9 475 -4.09 333. 638 -3.97 575
15648.54 135 -1.40 1.81 126 -1.34 1.78 95 -1.42 13.2 19 -0.94 16.8
15822.81 188 -1.80 3.94 181 -1.74 3.88 117 -1.69 26.7 33 -1.17 33.7
NLTE
6302.494 218 -1.39 2.70 209 -1.35 2.63 190 -1.58 18.3 183 -1.46 13.9
6301.497 294 -1.92 8.00 287 -1.87 7.81 245 -2.11 55.2 303 -2.13 42.7
6173.338 238 -1.54 1.44 223 -1.44 1.40 266 -2.31 21.9 386 -2.55 37.8
5576.090 272 -1.80 4.92 263 -1.74 4.82 238 -2.08 40.1 294 -2.13 36.8
5434.521 543 -3.80 64.4 532 -3.60 62.7 618 -5.11 2017 766 -4.85 6926
5250.210 260 -1.74 0.47 230 -1.54 0.45 406 -3.59 24.2 592 -3.75 134
5247.059 266 -1.78 0.49 236 -1.58 0.47 412 -3.64 25.8 598 -3.79 146
8688.615 432 -2.88 22.8 421 -2.79 21.8 461 -3.97 335 644 -4.01 573
15648.54 112 -1.25 1.81 107 -1.21 1.78 92 -1.39 13.2 18 -0.93 16.8
15822.81 156 -1.58 3.94 152 -1.54 3.88 111 -1.64 26.7 29 -1.13 33.7

also originates less deep than the line center radiation of the split line, but that depends sensitively upon
the splitting pattern.

Fig. 6 shows C, J and CRV for the VAL-F model with B = 1600G and t = 00. The longitudinal field
suppresses the central r-component and creates a simple doublet profile for both A6302.5 A and A5250.2 A,
with only left and right circularly polarized a-components. The opacity difference between line center and
the &-components clearly shows up in both C11.1 and CR,%": the radiation at wavelengths close to the centers
of the a-components (AA - 75 mA for A6302.5 A, AA : 50 mA for A5250.2 A) originates higher in the
atmosphere than the line center radiation. The depth integral of CR., at line center is considerably smaller
than at 50 or 100 mA from line center, so that the resulting Stokes I profiles (not shown) are clearly split.
The field strength is such that the Zeeman splitting is about twice as large as the Doppler width. This is
sufficient to get a clear (though incomplete) split in Stokes 1, but insufficient to measure B directly from
Stokes V splitting: the location of the Stokes V peaks is still nearly insensitive to the field strength (cf.
Murphy 1990, p. 72).

Fig. 7 displays penumbral CF's. For A6302.5 A the CR.1 curves within 50 mA from line center show
only small variation in depth of formation or depth integral (= total line depression). Since the Zeeman
splitting for this line is 46.4 mnk/kG and the inclination of the field is 75', the magnetic field gives rise to
a strong central ir-component so that the Stokes I profile is not split; the magnetic field broadens the line
and makes the core shallower. Towards the wings the CF's display non-magnetic behaviour, with a small
shift deeper into the atmosphere which results from decreased line opacity. The A5250.2 A Crt., curves arci
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doubly peaked near line center, except for the AA = 20 mA curve. This pattern results from the difference
in formation heights for the two linear directions of polarization, which are prominently present due to the
large field inclination. The presence of non-zero C 1.u' values indicates that some Faraday rotation occurs
for both lines.

In the umbral CF's for A6302.5 A (Fig. 8) the Cf?.i curve at AA = 100 mA is close to the center of
a o-peak and has a bump just below its maximum. That indicates that the formation heights of the two
circularly polarized components are starting to separate. The linearly polarized components, which cause
a similar but incomplete separation in the penumbra, are negligible due to the almost longitudinal field.
This separation is better seen for A5250.2 A because the Cl?,1 curve for AA = 100 mA has two completely
separated peaks. The oscillatory character of the A5250.2 A CHR,( and CR,,r curves is a strong indication
that Stokes Q and U are dominated by magneto-optical effects. There is a tight relation between Cn.q and
Cli. -close to the line core, which is the part of the line that is most sensitive to magneto-optical effects, in
the sense that CR.Q has a maximum where CRU crosses zero and the other way around. CR.1, especially for
AA = 10 mA (not shown), displays oscillatory irregularities with considerably smaller amplitude, pointing
to interactions between circular and linear polarization. Although the oscillations are of numerical origin
(Murphy, 1990) these relations suggest that multi-cycle Faraday-rotation is the most likely explanation of
the oscillatory behaviour.

The good correspondence in Fig. 5 between the locations of the maxima of CR.! and the T•, = I levels
shows that both criteria give approximately the same 'depth of formation'. We therefore add the depth
of formation for the other 8 lines in our study in Table 2, listing the location of line center optical depth
unity in the field-free case. We caution the reader that this is not a very good representation of the depth
of formation of lines that have a strongly developed Doppler core, formed much higher in the atmosphere
than the line wings. Most of our lines indeed have such Doppler cores, especially for the cooler models.
However, the -r., = 1 heights do indicate depths of formation of the centers of the strongest components of a
magnetically split line; corrections for the smaller opacity per component can be applied straightforwardly
by evaluating the fraction of the total opacity present in a particular component from the splitting pattern.

4 Conclusions

Medium excitation Fei lines such as A6302.5 A represent better diagnostics than lines with low excita-
tion energy such as A5250.2 A because they are less temperature sensitive: their line-to-continuum opacity
ratio i7, is rather depth-independent within one model atmosphere, and it shows smaller variations from
one model to another. For photospheric lines the assumption of an LTE source function is justified, but
the line opacity depends on the overall ionization equilibrium which is model dependent.

The A6302.5 A line is formed at approximately the same geometrical height in all four models, which
makes it an excellent choice for magnetic field measurements in the middle photosphere. The splitting of
Stokes V is a direct measure of the field strengths only for field strengths at or above umbral values (cf.
Lites and Scharmer 1989). At lower field strengths one has to use more indirect techniques, such as line
ratios or profile fitting. The A5250.2 A line is a less suitable diagnostic because its formation height is
very model dependent. Field strengths determined from A5250.2 A will not necessarily apply to the same
physical height in different atmospheres.

Future work will focus on inversion of the line profiles that result from this analysis. The Lites-
Skumanich inversion procedure derives a Milne-Eddington type atmosphere that reproduces observed
Stokes profiles. Our goal is to establish the sensitivity of the derived atmospheric parameters, which
are all depth-independent, to the depth-dependence of the actual parameters. It seems advantageous to
invert lines that have little depth and model dependence. The A6302.5 A. line satisfies this criterion better
than A5250.2 A does.
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Discussion

J. Staude: Did you try calculations for simpler atomic models, such as those of Bruce Lites (-. 1972)? Are
there strong differences to the results from the more complex model?

J. Bruls: Yes I did, though with slightly different model atom than I use here, and the differences are small.
I believe it is mainly the ionization balance that can shift because of the added higher levels.

J. Staude: What is the meaning of a negative contribution function?

J. Bruls: Since Q, U, and V are differences of two orthogonal polarization states, we may expect their
contribution functions to be bipolar as well.

K.S. Balasubramaniam: How would you reconcile the factor of 2 difference in g] for the Fel 6301.5A
and 6302.5A lines?

J. Bruls: I don't know; it may be that inhomogeneities make the adjustment unnecessary, but experiments
[ plan to do in the near future will have to tell.

J. Stenflo: You say that a future aim is to improve the thermodynamic diagnostic instrumentation in the
Lites-Skumanich inversion code. What type of improvement do you have in mind? The mentioned inversion
code is based on a Milne-Eddington atmosphere with the parameter Y10 depending on the thermodynamics.
Do you plan to calibrate Y/o in terms of the real physical parameters, e.g. the temperature at the height of
line formation?

A. Skumanich: Parameters in the Milne-Eddington representation yield average values. The heights to
which these refer in the atmosphere needs to be calibrated. In addition the various other approximations.
e.g. constant Doppler width, can be corrected for. Such a study has been done by Lites et al. for the strong
Mgb line, and I refer you to that study.

B. Lites: Besides quantifying the restrictions of the Milne-Eddington approximation when the inversion
is presented with profiles from fully variable atmospheres, these simulations may be used to test revised
versions of the inversion code which allow, for example, for variable line/continuum opacity ratios.

Canfield: How does one calculate a mean height of formation for Q, U, or V, which have contribution
functions that are both positive and negative?

J. Bruls: One should probably not speak about mean formation heights of Stokes Q, U or V because these

are differences of orthogonal polarization states. One should look at one single state, by comparing also to
the contribution function for Stokes I. In that case the sign changes in e.g. CR v disappear and we can

speak of mean formation heights of left polarized light or right polarized light. Same for Q and U.

S. Koutchmy: Is it correct to say that your results will not change in case we consider different kinds of
stratification like in the case of 2 magnetic regions with a sub-hydrostatic vertical gradient of pressure?

A. Skumanich: If the shape of the source function in optical depth is affected as well as the mean Doppler
width, the results will change - if not then not.
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Multiple Line Stokes Profile Inversion

Graham A. Murphy

High Altitude Observatory
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P.O. Box 3000
Boulder, Colorado, U.S.A.

Summary. Stokes vector observations of multiple spectral lines have gener-
ally concentrated upon multiplets. With the use of suitable multiplets, an inversion
procedure's sensitivity to the magnetic field vector can be significantly increased.
This paper presents the results of an analysis of three lines that share no special
properties. The primary aim was to assess the self-consistency of the High Altitude
Observatory's Stokes profile inversion technique. While self-consistency was con-
firmed, the results also suggest the feasibility of using a multiple line approach to
study depth-dependence of magnetic fields on the Sun.

I. Introduction

A number of authors have studied least-squares inversion of Stokes vector profiles to determine
the magnetic field and thermodynamic parameters in the line formation region. Auer et at. (1977)
fitted observed Stokes vector profiles with the analytic solution derived by Unno (1956). Their
approach was limited to the field strength, IBI, the field inclination, y, the line center to continuum
absorption coefficient (zero damping), g7o, and the Doppler width, AAD, and neglected damping
and magneto-optics. The importance of these latter effects was demonstrated by Skumanich and
Lites (1985), who also included the field's azimuth, X, and the source function in the procedure.
Both approaches entailed fitting the Stokes vector profile of a single line.

An important advance was made by the simultaneous inversion of multiplets, as described in
Lites et aL. (1988). This made it feasible to include an exponential term in the source function
and correct for the effect of scattered light, as well as significantly increase the accuracy of the
inversion generally. Such improvements are only possible when special relationships exist between
the multiplets. These relationships allow essentially twice as much information to be processed at
the cost of only one extra inversion parameter: the overall result being potentially a more stable
and accurate inversion scheme.

Given a more general set of magnetically-sensitive spectral lines, the number of inversion
parameters must be expanded in direct proportion to the additional information. There is thus
generally no advantage in terms of stability. However, it is then possible to study depth-dependent
behaviour if the physical trends are large enough to be distinguished from err)rs.

Alternately, a multiple line inversion can be applied to a more immediate problem: to test the
self-consistency of the inversion procedure itself. The magnetic field vectors deduced from a pair
of independent spectral lines should maintain a consistent relationship over a wide range of solar
conditions: assuming that the lines do not interchange their relative levels of formation and that

'The National Center for Atmospheric Research is sponsored by the National Science Foundation.



458 G. A. Murphy

Table 1: CONDITIONS FOR THE THREE SETS OF OBSERVATIONS OF MICMATH REGION 15697.

Data Set 04 07 15

Date 1978 Dec 09 1978 Dec 11 1978 Dec 14

Start (UT) 1713 1737 2101

Finish (UT) 1924 1900 2304

Latitude1  15.20S 16.60S 14.9 0 S

Carrington Longitude' 332.40 332.50 33390
JI 0.70 0.92 0.88

Line of sight inclination' 466 230 280

Dispersion (prn/pixel) 2.74 1.24 2.74

Pixels included 128 256 128

Minutes/spatial point 4.5 3.0 4.5

'First raster point.

the magnetic field strength varies monotonically with height. (Both assumptions are likely to be
valid under the conditions being studied.) A poor inversion scheme might then be indicated by
either an absence of a relationship between a pair of lines or an erratic one. Since such a test can
be conducted with observations, it complements single line analyses based upon synthesized data.
While the latter can assess absolute accuracy, they depend upon modelling at some level and so

might exclude significant effects.
The primary aim of this work was to confirm the self-consistency of the inversion scheme devel-

oped by Lites and Skumanich (1985a). This scheme has been extensively tested using synthesized
and observed data. However, by comparing the magnetic field vectors deduced from three inde-
pendent spectral lines, it was hoped to establish error leels in real conditions and discern whether
problems existed in overall physical plausibility.

In the following section, aspects of the data used in this analysis are examined, including the
data's source and limitations as well as difficulties introduced by the collecting instrument. To
obtain Stokes profile data for three spectral lines, it was necessary to include two blended lines.
The Stokes vector profiles of both blends were distorted by the presence of the strong central
line. In § III the special methods developed to deal with the blending problem are discussed.
In § IV the results of the inversion analysis are presented. Because of behaviour intrinsic to the
formation of polarized radiation, the inversion parameters, IBI and -, are not displayed. Instead
the longitudinal and transverse components of the magnetic field vector are presented, allowing
trends to be more readily evaluated for weak Zeeman splitting. Finally in § V, the potential of a
multiple line inversion to evaluate depth-dependence in the magnetic field vector is examined.

II. Data

An obvious necessary condition to achieve a meaningful multiple line inversion is that the spectral

lines should be formed co-spatially and be measured simultaneously. Any severe departures from
this could result in an invalid interpretation of the results.

Observations of a sunspot suitable for analysis were made on three separate days by the
High Altitude Observatory (HAO) Stokes I Stokes polarimeter. Each observation set involved a
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Table 2: ATOMIC DATA FOR THE THREE ABSORPTION LINES BEING STUDIED.

Element FeI Mg I Tit

Wavelength (nm) 517.1610 517.2698 517.3749

Transition 3 F 4 _ 
3 F 4 

3 p.. _ 3 S, 3 F 2 _ 3 F2

Landi g•, 1.25 1.75 0.667

Atomic Weight 55.847 24.305 47.90

12 + logl 0(Rel. Abundance) 7.57 7.42 5.13

0f 0.0525 1.41 0.0813

Excitation (eV) 1.48 2.71 0.00

Ionization (eV) 7.897 7.646 6.82

boustrophedonic scan of three lines, with nine measurements along each line, covering a total area
approximately 40" by 10". Limitations of the instrument and the seeing restricted the spatial
resolution to the order of 6". Because of the coarse spatial sampling and resolution, an accurate
registration between the three days' observations was impossible, preventing any study of sunspot
evolution. Accordingly, the three sets have been treated as being independent. The complete

details of the circumstances of the observations are given in Table 1.
The original goal of the observations was to obtain the Stokes vector profiles of the MgI b

line at 517.27nm and of the associated multiplet at 518.3nm. The formation of these strong
chromospheric lines has been discussed at length in Lites et al. (1988). The importance of the
517.27nm line for this work is that lines due to FeI and Til occur in its blue and red wings,
respectively. As Mg 1b and both blends exhibit the Zeeman effect strongly, these lines can meet the
desired criteria for being co-spatial and were nearly simultaneously measured. Table 2 summarizes
the atomic data for the three lines.

A number of problems were encountered with these data sets. One resulted from using blends
rather than distinct lines: the Mg i b line influences the Stokes profiles of the Fe I and Ti I lines.
This is seen in Figure 1: the blends' peaks in Q, U, and V closer to the core of Mg I b are generally

lower in magnitude; the V signals are also displaced vertically. The task of correcting for these
effects is discussed in the next section.

Further problems resulted from the limitations of the instrument used to obtain the data. The

Stokes I polarimeter operated with a single detector so a complete scan in wavelength was required

at each position. As noted in Table 1, the wavelength scan required at least three minutes, with
the full data set taking about two hours. This led to large variations in seeing-induced noise

not only between spatial points (as one might expect) but even between the three spectral lines.

This also resulted in the three lines not being measured with the degree of simultaneity desired.

However, any effects from this are likely to be dominated by the seeing-induced noise.

The instrument also had lower spatial resolution than desired for a study of this kind. By

sampling a large area, a wide range of magnetic field strengths might be observed, making it

difficult to discern real physical properties.

Finally, the spectral resolution available in two of the data sets was poor. Data sets 04 and

15 were both sampled at 2.74 pm: of the same order as the Doppler widths of the blends. This

situation severely restricts the information available for fitting.
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Figure 1: Stokes spectral profile for raster point 1 of the 15 data set. The
bandpasaes are indicated on the I profile: Fe, Mg, and Ti mark the bandpasses
for the three lines; b and r mark the two parts of the blue and red Mg wing
bandpasses, respectively. The Mg I line induces in FeI and Tir offsets in the V
profiles and asymmetry in the Q and U.

III. Extension to the Profile Inversion Method

The details of least-squares inversion of Stokes vector profiles have been described at length in
Lite, and Skumanich (1985a, b). Only those aspects relevant to this problem will be discussed
here.

The unusual features in the Stokes vector profiles of Fe I and Ti i lines shown in Figure I could

lead to systematic errors if not corrected. When studying intensity profiles a technique commonly
applied to compensate for blending involves fitting the continuum across the blend and rescaling
to give an effectively flat continuum. Unfortunately, the interaction of polarized radiation does not

permit such an approach. This is particularly apparent in V. Clearly for Stokes vector profiles, a
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more sophisticated approach is necessary.
The most obvious solution would be to apply the least-squares inversion to all three lines

simultaneously. While this would be the most satisfying, it would be complex and difficult to
implement. The HAO inversion scheme employs a basic set of nine parameters for a spectral
line so three lines would require about 27 parameters. However, it has been shown in Lites et al.
(1988) that it is not possible to successfully fit both the core and the wings of a strong line suich as
MgI b because the wide physical range of thermodynamics cannot be adequately represented by
an Unno-Rachkovsky model. Therefore a further nine parameters would be required to account
for the Mg Ib wings, likely making the fitting process unmanageable. Moreover, a substantial
rewriting of the inversion code would be required to handle this expanded problem.

A compromise was developed between the complexity of this latter technique and the need to
represent the polarization's interaction.

A two-stage scheme was adopted. In the first stage, the Mg I b line was fitted in three sections:
the line core and the blue and red wings. The wings, excluding the blended region, were fitted
individually to prevent introducing errors due to line asymmetries. The three separate fits to the

core and wings of the Magnesium line were made with the usual Unno-Rachkovsky solution:

I = BoIo +pBI [1 + 077ot]- . (1)

There was no attempt to correct for scattered light or to include an exponential line source func-
tion: tests indicated that these provided no significant benefit for the single line profile inversions
studied out here.

The MgI b core fit was used in the subsequent multiple line analysis. However, the fits to the
wings were used only to correct the blends-the estimates of the magnetic field vectors were not

extracted for further use. The Stokes vector radiative transfer equation for a spectral region that

includes a blend can be written:

dI i M1+,%gwPMgW +b7b\ b

+ + sM W gWtMNgWL 0 + Sb bIo, (2)

where I is the Stokes vector at depth Tr, SL is the line source function, S, is the continuum source

function, t is the absorption matrix, and lo = (1,0,0,0)?. (See Rees et al. 1989 for a more

complete description of the terms.) The superscripts MgW and b denote terms associated with the
wings of Mg I or the blend, respectively. Note that the interaction between Iron and Titanium

is taken to be negligible. By assuming that (r1/MW0 MW + '1bb) was constant with depth and
that the source function terms could be represented as a linear function of 7,, the emergent Stokes
vector could be written:

I = BoIo +/B, [1 + M0wMw + ob (3)

In the second stage of the inversion process, the two blends were fitted separately using Equa-

tion (3), with the term, i70MgW4 Mgw, calculated directly from the respective wing fit rather than

being inversion parameters. By virtue of the robustness of the routine, it was not necessary to

adjust the derivatives of I for this change.
The procedure was found to work well. However, because of uncertainty in the determination

of the thermodynamic parameters inherent in an Unno-Rachkovsky least-squares inversion, the

blend correction was not as complete as desired. This led to errors that are discussed later.
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IV. Results

The HAO inversion code includes the magnetic field strength and inclination in its parameter set

so the initial examination of the results was done using these variables. Agreement between the

three lines was generally good. However, at a number of points, IBI for the blends was - 0 G,

compared to ; 1 kG from Magnesium, with corresponding discrepancies in the inclinations and

azimuths.
The appearance of such differences suggested a fault in the inversion rather than some physical
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interpretation. Three possible causes were investigated: (a) the inversion routine failing; (b) the
blending-correction algorithm being inadequate; or (c) the high noise level of the data preventing
good profile fitting.

Based upon a detailed examination of the fits, it was concluded that the last suggestion was
the most likely. As the Magnesium line is much wider and stronger than either of the blends, its
Stokes vector signal is less affected by noise. This generally resulted in good fits to this line even
when the blends were poorly fitted. This difference was particularly apparent in linear polarization
in which the peaks tend to be narrower and the signal much weaker than either the I or V Stokes
parameters.

In the so called weak field case, the Zeeman splitting of a line is small compared to its Doppler
broadening. In this regime, two approximations can generally be made: that V 0x IBI cos -Y and
that Q ,c IB12 sin 2 -Y given x = 0 (Stenflo 1985; Jefferies et al. 1989). These relations provide one
link between the longitudinal component of the magnetic field, JBI cos -y, and the circular polar-
ization, and another link between the transverse component, IB sin -y, and the linear polarization.
Since all the spectral lines in these data were weakly split, this suggests that errors in a particular
polarization should appear predominantly in the associated magnetic field component.

Figure 2 confirms this prediction: the deduced fields are presented in terms of their longitudinal
and transverse components. The longitudinal fields deduced from the three lines show excellent
agreement at all field strengths. The transverse fields display the signature of the problem in
fitting linear polariza.ion discussed above: Iron or Titanium field strengths less than 200 G in
contrast to much higher values from Magnesium. Points with these characteristics were discarded
in the subsequent analyses as they were principally a product of the data sets' noise levels rather
than features of the inversion.

It should be noted that Figure 2 demonstrates that in the weak-field regime JBI cos yr and
181sin-, were the canor.ical variables to the inversion rather than lBI and -y, even though the
latter pair were actually used.

Additional insight may be gained from scatter plots comparing the three lines using all the data
sets. In Figure 3, the longitudinal and transverse components from Fe I and Mg I b ar• compared.
The longitudinal fields have a strong correlation at all field strengths, while the transverse fields
display very good correlation but with more noise: this is to be expected given the greater noise
sensitivity of the linear polarization previously discussed. Note that points where the blend fits
failed appear near the horizontal axis (and should be ignored). The comparison of Ti I and Mg I b
presented in Figure 4 is similar, though with still higher noise levels in the transverse cc mnponent.

The HAO Inversion routine has proven to have a high level of self-consistency, as defined by
the degree of correlation between the three lines being good in all but pathological cases. The
relatively poor quality of the data makes it difficult to assess the true precision of the routine,
though it would appear to be better than ±200 G in JBI cos - and ±300 G in IBI sin -f. Overall
from these results, the support is strong that Unno-Rachkovsky least-squares fitting of Stokes
vector profiles can provide an effective means to estimate sunspot magnetic fields when Zeeman

splitting is weak.

V. Depth-dependence

It was noted in the introduction that multiple line Stokes vector profile inversion can be applied
to the study of the depth-dependence of a sunspot's magnetic field. While the data studied did
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not allow this to be done directly, statistical assessments can be used to gather the overall trends
presented in Figures 3 and 4. The relationships are general[3 close to the unit diagonals indicated
on the graphs both for Fe I to Mg I b, and also Ti I to Mg I b. Table 3 gives the best fits to the data
using a linear relationship with zero intercept. All data with values less than 200 G have been
excluded.

While the table suggests that there are differences in the magnetic field strengths deduced from
the three lines, the physical interpretation is not straightforward. If the magnetic field strength
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increased with depth, the longitudinal components would imply that the Fe I line is formed above
Mg I b and Ti I below. However, this does not concur with the ratios for the transverse components.

Sunspot geometry might account for such a discrepancy. Therefore, simulations were conducted
with a self-similar sunspot model (Murphy 1990) to provide a physically plausible magnetic field
structure. In all the simulations, it was found that the increase in the field strength with depth
was much greater than the change in field inclination. Accordingly, the ratios of longitudinal
and transverse field strengths from any pair of lines should be equal to within a few percent--in
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Table 3: RATIOS OF THE LONGITUDINAL AND TRANSVERSE FIELD

STRENGTHS. (STANDARD ERRORS ARE SHOWN.)

Field Ratio All data sets
Fe/Mg 0.96 ±0.01

]Blcos- Ti/Mg 1.11 ±0.02
Fe/Mg 0.93 ±0.02

IBIsin,' Ti/Mg 0.98 ±0.03

contradiction to the values presented in Table 3.
Such modelling cannot provide a definitive answer. However, detailed examination of the profile

fits suggested that blending was only partially compensated in Q and U. This was apparently due

to errors in the estimates of no0 MgW-thermodynamic parameters are generally poorly determined
with Unno-Rachkovsky based inversions. Using Stokes vector profiles synthesized from a solar

atmosphere model, the partial compensation of the linear polarization was found to result in the
transverse fields from the blends being under-estimated. This would result in the ratios for the

transverse component being systematically lower than for the longitudinal field.

Assuming this occurred then the total magnetic field strength deduced from the Ti I line was
probably z0l% greater than from Mg I b, while Fe i and Mg I b were approximately the same. This

could then be interpreted as implying that Ti I was formed below Mg I b, which is reasonable given
that the Ti I is likely to be a photospheric line. However, the Fe I line was also expected to be formed

in the photosphere (Lites et al. 1988) but the results do not agree with that proposition. Detailed

non-LTE modelling of this particular line (for example, Bruls et al. 1990 in these proceedings)
would be required to adequately answer this question.

Alternative explanations for the differences in the fields from the lines do exist. In particular.
variations in the Land6 g-factors from those predicted by Russell-Saunders coupling, or inequalities

in the fill-factors for the three lines. However, there is no reason to suspect that LS coupling has

failed for any of these lines, and evaluation of the relative intensities of the lines from the data

indicate no systematic variations that would result in the observed behaviour.

VI. Conclusion

The self-consistency of HAO's least-squares Stokes profile fitting procedure has been demonstrated
with a high level of confidence. Moreover, multiplet fitting should give more accurate results than
the single line method applied here (Lites et al. 1988).

It has also been shown that it is feasible to fit more than one independent spectral line simul-

taneously, offering the potential for studying depth-dependence in detail. However, there is also

a clear requirement that care be taken to avoid problems that could introduce systematic errors.

In addition, questions that limit accuracy, such as variations in scattered light, need to be closely

examined.
I thank Bruce Lites for his help in the preparation of this manuscript, and the High Altitude

Observatory for its financial support through a Newkirk Graduate Research Assistantship during

the period this research was conducted.
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Discussion

R.. Altrock: Is this technique insensitive to the strongly-inclined "continuum" level (wing of the Mg line)
in the Fe and Ti lines? This will produce an asymmetric profile, even in the vicinity of the core.

G. Murphy: Unfortunately, not as insensitive as I had wanted, as the wing fits did not accuratey represent
the Magnesium behavior. The asymmetric profiles in Q and U were not completely corrected for leading to
an under-estimate of the transverse fields.

J. Staude: Did you take into account the blending of all 3 lines in the synthesis of Stokes profiles which
you calculated for comparison?

G. Murphy: Yes, all three lines were included though I only had a detailed non-LTE model for Magnesium.
An extended version of the DELO code (Rees et al. 1989) was developed to handle this synthesis problem.
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CENTER-TO-LIMB VARIATION OF THE STOKES V
ASYMMETRY IN SOLAR MAGNETIC FLUX TUBES

M. B1inte, 0. Steiner, and SK. Solanki

Institute of Astronomy, ETH Zentrum. CH-8092 Zilrich, Switzerland

Summary. The center-to-limb-variation (CLV) of synthetic Stokes V line profiles of the spectral line
Fe 1 5250.22 A is presented and compared with observations. These synthetic profiles are calculated
using models that contain the main features of the current basic picture of small scale magnetic
fields on the sun. This basic pscture consists of a flux tube in magnetohydrostatic equilibrium, which
is separated from the surrounding non-magnetic atmosphere by a thin current sheet. Whereas the
magnetic plasma is considered to be at rest the non-magnetic plasma is in convective motion which
results in cool downflows along the flux tube boundary and warm upflows further away from it. The
area asymmetry of Stokes V profiles observed at disk center can be explained by the presence of such
non-magnetic downflows close to the boundary of the expanding flux tube . This mechanism also
accounts for the unshifted zero-crossing wavelength of the Stokes V profiles. It is shown that the
basic picture outlined above also reproduces the peculiar center-to-limb variation of the Stokes V
asymmetry, in particular the sign reversal of the asymmetry near the limb (at/p z 0.4 for Fe 1 5250 22
Aý). The ingredients of the model mainly responsible for the sign reversal are identified. The fact that
the agreement between theoretical and observational Stokes V profiles improves as more realistic
features (like the temperature-velocity correlation of the granulation) are added to the model. leads
us to conclude that the basic picture is correct and that the Stokes V parameter for small values of p.
i.e. near the limb, has the potential to serve as a sensitive diagnostic of convection in active regions

I. Introduction

Although most of the photospheric magnetic fine structure can still not be spatially resolved by observa-
tions, it can be studied indirectly through the spectro-polarimetric signature of the Zeemann effect on
atomic lines formed in photospheric magnetic fields. In this context the directly observable Stokes pa-
rameters 1, Q, U, and V of a spectral line have proven to be a powerful tool in deriving semi-empirical
models of photospheric magnetic elements in plages and the network (see reviews by Solanki, 1987b:
Stenflo, 1989). Such investigations have led to the following basic picture of the photospheric magnetic
field. It is thought to be concentrated into kilo Gauss flux tubes that are situated in the dark and
downflowing intergranular spaces as a consequence of flux expulsion (see e.g. Schiissler, 1990). Although
the individual flux tubes are surrounded by downflowing gas, there is no sizeable downflow within them.
In the photospheric layers flux tubes spread rapidly with increasing height due to the exponentially
decreasing gas pressure until they merge and fill almost the entire atmosphere above the merging height.

One remarkable feature of Stokes V profiles observed in active region plages and the quiet solar
network is their pronounced asymmetry (Stenflo et al., 1984; Wiehr, 1985). Near disk center the area
and amplitude of the blue wing exceed those of the red wing by several percent (Solanki and Stenflo.
1984), i.e.6A = (Ab-A,)/(Ab+Ar) > 0 and 6 a = (a4-a,)/(ab+af) > 0, where Ab, A, denote the areas.
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ab. a. the amplitudes of the blue and red wing, respectively. For LTE. Auer and Heasley (1971) havo
shown that the area asymmetry can only be explained in terms of velocity gradients. The first mechanirn
based on velocity gradients was proposed by Illing et al. (1975) and relied on the ovetrlap of gradient- in
magnetic field strength and velocity. However. if we accept the current basic picture outlined above,. in
particular that the field strength decreases with height, tben, as shown by Solanki and Pahike (19j.
a stationary flow within the magnetic flux tube implies a shift of the zero-crossing wavelength of th,-
Stokes V profile larger than the observed upper limit of ±250 ms-1 (Stenflo and Harvey, 1985: Solanki.
1986; Stenflo et al., 1987; Wiehr, 1987; Solanki and Pahlke, 1988). Other combinations of overlapping
magnetic and velocity gradients have been proposed which can also produce asymmetric Stokes V profiles
with only small zero-crossing shifts (Sanchez Almeida et al., 1988, 1989). However, such combinations
invariably contradict the basic picture outlined above, since they require the field strength to incr,-a>s,
with height. Van Ballegooijen (1985) pointed out that plasma flows in the non-magnettc surroundings
of the flux tubes may also produce asymmetric Stokes V profiles. Grossmann-Doerth et al. (19*)8 t')S9i
then showed that if the velocity and the magnetic field are spatially separated, as proposed by Van
Ballegooijen (1985), asymmetric, but unshifted, Stokes V profiles are produced.

< 0 < 0 I
I 2 I]OI.;NDAiULS

I I
AA < 0 > 0

Fig. 1. Schematic illustration of the line of sight gradients of the magnetic and velocity fields for a highly inclined ray
passing through & flux tube. According to Eq. (1) the contributions to the Stokes V asymmetry from the two intersections
of the ray with the flux tube boundary counteract.

Solanki and Pahlke (1988) pointed out that the sign of the Stokes V area asymmetry depends on the
signs of the line of sight gradients of the magnetic and the velocity fields alone:

dIBI dv(r) f< 0, 6A > O.
dr d7 >0, 64<0. (1)

Note that only the absolute value of the magnetic field is of importance, not its polarity, whereas the
sign of the velocity plays a vital role. At solar disk center in the standard picture the observer's line of
sights only pass from the magnetic into the non-magnetic atmosphere, but not the other way around
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Closer to the limb, however, a particular ray may cross the border between magnetic and non-magnetic
regimes in both directions. Such a case is schematically illustrated in Fig. I. If we assume the same
"velocity fields on both sides of the flux tube profile then the Stokes V asymmetries produced at the two
interfaces will, in general', be of opposite sign. It is therefore not obvious whether the basic picture
can account for the change in sign of the area asymmetry near the limb observed for Fe 1 5250.22 A
by Stenflo et ai.(1987) and for a larger sample of spectral lines by Pantellini et al. (1988)} The aim of
the present study is to find out under what conditions the area asymmetry changes sign near the limb
We also aim to obtain an idea of the diagnostic potential of the center-to-limb variation (CLV) of /4
In the present investigation we restrict our attention to the area asymmetry 6A since the mechamsm
for its production at disk center is well understood. The amplitude asymmetry 6a. in contrast. may be
produced or changed by a much larger variety of causes (e.g. velocity changes along the line of s'ght
perpendicular to it, or in time, macroturbulence, etc.), so that its production, even at disk center. is still
partially unclear.

2. The model

The basic structure of our model is shown in Fig. 2. A rotationally symmetric flux tube in magneto-
hydrostatic equilibrium is surrounded by non-magnetic plasma in stationary motion. The magnetic field
is calculated by numerically solving the force balance equation including all tension forces. For further
details regarding various aspects of the magnetohydrostatic solutions we refer to Steiner et al. (1986).
We prescribe the gas temperature, pressure and density in the interior of the flux tube according to the
plage model of Solanki (1986).

In the photosphere the magnetic pressure and the gas pressure are comparable in magnitude, i.e.

B
2

8"Pga" (2)

For subsonic motions of a plasma with v2/C2 = 2 Pdyn/(7Pg.) < 1. the dynamic pressure is small
compared to the gas pressure, so that by virtue of Eq. (2) the contribution of the former to the total
pressure outside the flux tube can be neglected without changing the magnetic field structure noticeably.
In the photosphere where typical maximal flow speeds are of the order of i0' cm/s this approximation
seems to be justified which simplifies the numerical procedure considerably.
In the non-magnetic surroundings of the flux tube we initially prescribe an atmosphere similar to the
quiet sun model, the HSRA (Gingerich et al., 1971), but systematically cooler by 300 K. Such an
atmosphere provided the best fit to the observed 6A values of four spectral lines at disk center (Solanki.
1989).

In addition various velocity fields are constructed which mimic some features of typical granular
flow fields at various levels of sophistication. For example, we consider a pure downflow, following
investigations of 6A at disk center (Grossmann-Doerth et al., 1988, 1989- Solanki, 1989). or a purely
horizontal inflow, i.e. a flow towards the flux tube axis. Of course, these velocity fields are unphysical,
but help to identify some basic effects.

For a more physical representation, in a next step we calculate an irrotational downflow in the closer
environment of the flux tube boundary (i.e, in a region R(z) <_ r < [W + R(0)1/2, where R(-) is the
flux tube radius at height z, 2W the distance between two neighbouring flux tubes, and R(0) the radius
at height z = 0, i.e. rs000 = 1 in the non-magnetic atmosphere at disk center). The flow pattern is
determined by the equation of continuity which poses a nonseparable elliptic boundary value problem
for the velocity potential (Bunte, 1989). For an adequate choice of the boundary conditions the resulting
velocity field can serve as -n approximation to the intergranular downflow resulting from convection
models, such as those of Steffen et al. (1989), but at much lower computational costs.

1 The velocity field must have sufficiently strong horizontal components for this to be valid.
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Fig. 2. Rotationally symmetric magnetic flux tubes in magnetohydrostatic equilibrium surrounded by non-magnetic plasma
with two different stationary velocity fields. In Fig. 2a the flow is purely horizontal further away from the tube wall. -hereaC!
in Fig. 2b an upflow motion in that region prevails. Both flux tubes have a magnetic field strength of 1600 G. a radiub of
100 km and a filling factor of 5 %. AU these values refer to z = 0 (rn00o = I in the quiet sun at disk -,enter). M1aximunm
flow velocities are - 4 km/s.

In the outer part of the non-magnetic region (i.e. for [W + R(0)]/2 < r < W) we either prescribe
purely horizontal velocities which drop to zero at r = W (the radial scale of our model). as shown
in Fig. 2a, or an upflowing velocity field, which is simply the mirror-image of the downflow but with
a reversed :-component (see Fig. 2b). The latter case very roughly resembles a granular flow pattern
(Steffen et al., 1989) or the baroclynic convection cell bordering the flux tube model of Deinzer et
al. (1984). As a final step in the direction of realism we have introduced a correlation between velocity
and temperature. This correlation consists of a velocity dependent temperature rise in upflow regions.
e.g. in the following way:

{ TASRA(z), in downflow regions,
T(z) - HSRA(z) + VZ AT, in upflow regions, (3)

Vz max

where t, max is ,;ie maximum upflow velocity (typically - 3.8 km/s) and TAiSRA(Z) = THSRA - 300 K.
For AT we have chosen values of typically 500 - 1000 K for consistency with the 3-D model calculations
of Nordlund ( 1985, Fig. 4b) and the most recent 2-D results of Steffen (1990).
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Fig•. 3. illustration of the model geometry for Stokes V calculations near the limb. a An array of merged flux tubes as
seen from above (thick circles). Each horizontal line is the projection of a vertical plane cutting the model (the thick lines
represent the planes shown in Fig. 3b). Each point to the right of the dashed line is the entry point into the top of the
model of a ray lying in one of the vertical planes. b illustration of the three vertical cuts that were indicated in Fig. 3a.
The first frame represents the plane of symmetry (upper thick line in Fig. 3a), the middle and bottom frames correspond
to the lower two heavy lines in Fig. 3a, The rays entering the model to the right of the dashed Line for an 'observation"
close to the limb (U = 700. i.e. M --- 0.34) are visible as the group of slanted parallel lines. The thick Lines are the contours
where the flux tubes intersect with the vertical planes. The thin horizontal lines represent surfaces of equal optical depth
r. in steps of J log r - I from log?• = -6.0 to +1.0. For a spectral line which is formed in the layer -3 • log r • - 1 the
horizontal range affecting Stokes V on both sides of a given flux tube is indicated below the first frame, for observations
near the Limb (left) and at disk center (right).
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3. Calculation of the Stokes parameters at different disk positions

The comliputation of the hydromagnetic parameters (cf- Sect- 2) is followed by a diagno•shc prorddurf
which serves to determine the spectral signature of the model. i.e. the values of the emergent Stokes
parameters. In the present contribution we are only interested in Stokes V.

The diagnostics involve two steps: (1) First the atmospheric quantities must be determined along a
number of parallel rays (line of sight) passing at an angle 0 (to the vertical) through the model. Only the
line profiles averaged over all rays are finally compared with the spatially unresolved observations (1.5-13
radiative transfer). Since flux tubes often come in groups we have assumed a periodic arrangement with
a fixed filling factor at z = 0. This is an important aspect, since close to the limb a ray may pass through
more 'han one single flux tube (see below). Fig. 3a shows the "merged" magnetic flux tubes from above.
In reality, of course, flux tubes lose their identity as they merge, in particular the rotational symmetry
breaks down and the field should also fill the gaps between the circles in Fig. 3a. However, the spectral
line under consideration (Fe 1 5250.22 A) is formed in layers well below the height where merging occurs.
so that the topological details of merging fields do not have to be taken into account.

A set of parallel planes, one of which contains the symmetry axes of the tubes, are chosen (indicated
by the horizontal parallel lines). Each of the dots on these lines is the beginning of one particular ray
which lies in the corresponding plane and forms an angle 0 with the vertical of the atmosphere. Along
each ray a set of points is chosen on the basis of an adaptive step size procedure with respect to the
logarithm of the optical depth r.

Fig. 3b shows sets of rays through three different planes of the model. The code used to place the
rays and evaluate the atmospheric data along them is a greatly modified and extended version of the one
described by Ringenbach (1987) and De Martino (1986). For the current work typically 10 x 19 rays are
laid through the model (cf. Fig. 3a). In the following we consider a cluster of magnetic flux tubes with a
field strength of 1600 G, a diameter of 200 km. and a filling-factor of 5%, all values given at : = 0. The
fields merge at a height of approximately 650 km. The non-magnetic plasma in between the flux tubes
is in stationary motion (with maximum velocities of ,z 4 km/s).

(2) The Stokes parameters for a particular spectral line are calculated numerically in LTE along each
ray using a code based on the one described by Beckers (1969 ab). For more details, see Solanki l Ný7a)
Finally, all the calculated profiles are added together. The resulting Stokes V profiles can be directly
compared with observations.

4. Results

In the following we briefly describe the steps we have taken to test various mechanisms which may be
responsible for the center-to-limb variation of bA.

(1) As 9 is changed, so is the angle between the line of sight and the magnetic field, so that the -,r-

component of the line becomes more prominent near the limb. It is this effect which is mainly
responsible for the CLV of 6A found by Auer and Heasley (1978). To test the importance of this
effect we first calculated the CLV using the model described in Sect. 2, but with only pure downflows
in the surroundings of the flux tubes, so that the observed 6A at disk center is reproduced. This
model completely fails to reproduce the observed CLV of 6A. The calculated 6.4 remains strictly
positive and actually increases towards the limb.

(2) While observations at disk center are only sensitive to the vertical component of the velocity field its
horizontal component becomes relevant for observations closer to the limb. Schiissler (1990) proposed
that this is the main mechanism giving rise to the change in sign of 6A. However, this is not a priori
clear, since Fig. 1 illustrates that as one follows a typical line of sight the areas around the two points
where it enters and leaves a flux tube give opposite contributions to 6A. In this step we therefore
considered a purely horizontal inflow in the non-magnetic surroundings of the tubes. Of course
6.4 = 0 at 1 = 1. At the limb 6A is small but positive in our calculations. We therefore conclude that
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Fig.4. Stokes V profiles of Fe 1 5250.22 A at 6 - 700 (p = 0.34) arising from an array of flux tubes (see Figs. 2 and 3)
Different profiles correspond to different velocity fields that were used in steps 1-6 (Sect. 4). Curve a: inflow and downflow
without any upflow (step 3); curve b: upffow instead of inflow in the outer parts of the model (step 4). curve C: like .-ur%-
b. but including a temperature-velocity-correlation (step 5). curve d: like curve c. but with enhanced horizontal vl,-it5
components (step 6).

the presence of a horizontal inflow by itself is not sufficient to produce the observed sign reversal.
although it turns out to be a necessary ingredient (within the confines of the basic picture).

(3) In a third step we have combined an inflow with a downflow, as illustrated in Fig. 2a. Again, although
the observations at disk center may be reproduced, the asymmetry does not change sign near the
limb.

(4) Next an upflow has been introduced, leading to a model of type shown in Fig. 2b. This model, finally.
reproduces the observed (positive) 6A at disk center, and, at the same time, yields a negative 6.4
near the limb. However, 6A changes sign only very close to the limb (p :, 0.2) for Fe 1 .5250.22 A
and does not drop below -1% to -2% for p Z 0.1, whereas observations show the sign reversal at
p z 0.4 and values of -5% to -10% for 0.1 < p <_ 0.3. Apparently some important ingredient is still
missing in the models.

(5) In a next step a temperature-velocity-correlation of the type described in Sect. 2, Eq. (3) has been
added, i.e. a warm upflow and a cool downflow. This model is able to produce both a large positive
6A at M = I and a large negative 6A for small values of u.

(6) Finally, the behaviour of the asymmetry can be considerably influenced by changing the ratio of the
maximum horizontal flow velocity to the maximum up-. respectively, downflow component. Enhanced
horizontal velocities result in more pronounced negative values of 6A near the limb if the temperature
and the velocity are correlated as in step 5.

The effect on the line profile of some of the steps described above are illustrated in Fig. 4 which shows
calculated Stokes V profiles of the line Fe 1 5250.22 A at u = 0.34, i.e. at an angle 0 = 70°, At this
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Fig. 5t. Observed (squares) and calculated (curves) center-to-limab variation of the relative area asymmetry of ,Stokes V,
profiles of Fe 1 5250D.22 A•. The velocity fields used consist of acool downflow nlear the flux tube boundary and a warm upflow
further away from it (dashed curve, step 5). The dot-dashed curve results for suppressed. the solid curve for enhanced
h Irizuntat velocities (step 6).

position on the solar disk (close to the limb) the area asymmetry of the observed Stokes V," profile hias
already changed sign, i.e. the red wing dominates the blue. The synthetic profiles in Fig. 4 all result from
the same magnetic field configuration but from different velocity fields in the non-magnetic atmosphere
between the flux tubes. Curve a represents the results from step 3, curve b corresponds to step 4, curve
c to step 5 (where in comparison to step 4 a temperature-velocity-correlation has been introduced).
and curve d shows the effect of enhancing the horizontal velocities by a factor of two while leaving the
vertical components and the associated temperature structures unchanged (step 6).

Having identified some of the main parameters controlling the CLV and the sign reversal of 6.4. we
have compared the synthetic proffies with the observations. Only the results of steps 5 and 6 are discussed
further. Fig. 5 shows the observed (squares, data taken from Stenflo et al., 1987) and calculated relative
area asymmetry of the Stokes V profiles of the line Fe 1 5250,22 A as a function of p = cos 0. The dashed
curve corresponds to the 6A(IA) produced with the model of step 5. The maximum horizontal inflow
is 2.9 km/s, the maximum vertical velocity components are 3.8 km/s. The I•T parameter of Eq. (3) is
chosen to be 1000 K. The solid curve results when the horizontal velocity component is enhanced by-
a factor of 2, while the dot-dashed curve is obtained if the horizontal velocity is reduced by" the Same
factor. The correspondence of these' models to the observations is gratifying.

! /
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5. Conclusions

The center-to-limb variation of synthetic Stokes V line profiles of the spectral line Fe 1 5250.22 A has
beeu investigated. The underlying hydromagnetic model consists of a cluster of rotational.v symnietric
magnetic flux tubes surrounded by granular non-magnetic plasma in stationary motion. From the
variation of the velocity fields we come to the following conclusions:
1. Velocity fields in the non-magnetic environment are able to quantitatively reproduce not only the

observed Stokes V area asymmetry (6A) of Fe I 5250.22 A at disk center, but also its center-to-limb
variation including the sign reversal of the asymmetry around 'U = 0.4 (9 60' ).

2. The closer the assumed non-magnetic atmospheric dynamics (in the environment of the flux tubes)
correspond to the solar granulation (i.e. warm central upflows, strong horizontal velocities, and cool
downflows), the better the observed center-to-limb behaviour of the Stokes V asymmetry ,A is
reproduced. This is a sign that the basic picture of magnetic flux tubes and of their relations to the
surroundings outlined in Sect. 1 is correct.

3. The center-to-limb variation of the area asymmetry of Stokes V profiles can be used as a sensitive
tool for investigating the velocity and temperature structure of the granulation in solar active regions-

4. The temperature-velocity-correlation of granular convective motions is an essential ingredient for
reproducing the observed 6A away from disk center.

5. The calculated line profiles do not show any shift of the zero-crossing wavelength at any position on
the disk, in agreement with the observations of Stenflo et al. (1987), Pantellini et al. (1988), and Wiehr
(private communication). This is a direct result of the fact that the present models do not include
any velocity within the magnetic features. As proved by Grossmann-Doerth et al. (1988. 1989) such
a segregation of velocity and magnetic fields always leaves the V profiles unshifted, irrespective of
the geometrical details. However, we do foresee possible problems for mechanisms which make use of
velocities within the flux tubes to produce a non-zero 6A and rely on special geometries to keep the
zero-crossing shift small, since the geometry of the field and of the velocity along the line of sight is
strongly dependent on 0. For example, near disk center the main contribution to the Stokes V signal
comes from rays which remain completely within the magnetic features ,Solan~i, 1989). whereas near
the limb every ray passes at least partially through the non-magnetic atmosphere.
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Discussion

J.C. Henoiux: What temperature difference did you assume?

S. Solanki: We assumed a maximum temperature difference of 10000 K between the up- and the down-
fib ,ing part of the non-magnetic atmosphere at equal geometrical height. The difference at equal optical
depth is smaller. This temperature difference lies well within the maxima and mninima of temperatures
plotted by Nardlund (1986, Sac Peak Conference) from a scan through his models.

B. Lites: Are size scales for the "upflow/downflow" regions surrounding the flux tube and their signature
in white light consistent with the flux tube residing in an intergranular lane?

S. Solanki: Yes. For the model I have shown the horizontal size of the full "granule" is approximately T00-
800 kin, which corresponds to about the size of a small or abnormal granule, as observed in active regions.
However, we do intend to took at models with other flux tube diameters and other sizes of "granular" cells.

D. Deming: The 5-minute oscillation is prominent in field-free regions, and is known to produce " veloc-
ity/intensity" correlations in spectral lines. Can it play a role in Stokes V asyrnret-les?

S. Solanki: In active regions the 5-minute oscillations have an amplitude of approximately 250 rn/s. while
we require velocities of approximately I km/s to reproduce the asymmetry. I therefore feel that the 5 minute
oscillations do not have a significant effect on the asymmetry, although they probably do affect the details.

S. Koutchmy: The lifetime of a magnetic flux tube region is large compared to the lifetime of a bright
irartule which would show the velocity pattern you need in your model. Additionally, y. 'r model is mag-
netostatic and moreover stationary; accordingly - for self-consistency - the flux tube should be itable or
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at least should not rise quickly due to instability. Obviously, this cannot be the case when large veloctty
gradients are present near the tube, especially fot velocities directed perpendicular to the magnetic field
lines!

A. Skumanich: Does your model predict a bright ring around the flux tube region at the center of tht
disc?

S. Solanki: First to answer your question: No, our model does not predict a bright ring around the flux
tube. Rather, it predicts that the bright flux tubes are embedded in cool, i.e. dark, intergranular lanes To
your comment, Serge: Our calculations are a simple approach to try to reproduce a substantial body of data,
i.e. FTS Stokes V spectrum of active regions (note, that the small models simultaneously also reproduce
many other spectral diagnostics). These observations are spatially and temporally averaged, so that the
models also represent an "average" magnetic element. As for as the stability of flux tubes is concerned.
the question is not completely resolved. However, calculations including velocities in the surroundings of
magnetic elements do suggest that they can be stabilized by external flows. I suggest that you read the
paper by Schusler (Astron. Astropkys., 1984).

R. Canfield: What are the free parameters of your models?

S. Solanki: The magnetic free parameters are the field strength and horizontal profile at one height. They
have been chosen to correspond to observations. The temperature specifications have whenever possible been
taken from empirical models. The velocity profile is prescribed at the boundary. We have used a couple of
different profiles, but found no great difference in the profiles. I feel this is due to the fact that close to the
limb the Stokes V profile "feels" a large horizontal region around the magnetic features.

L. November: Koutchmy observes fine-structure unresolved in the vicinity of flux tubes. Your model is
not unique. Is it possible that spatially unresolved elements could also produce the observed V asymmetry
and sign reversal near the limb?

S. Solanki: One of the things we have learned from this investigation is that the change in sign of the area
asymmetry near the limb is a subtle effect due to the balancing of the asymmetry produced at two different
boundaries between the magnetic and the non-magnetic atmosphere. It is therefore very difficult, if not
impossible, to tell how the asymmetry will behave in a qualitatively different model, without a complete
numerical calculation.

S. Koutchmy: I am referring to the Larry November question which is addressing the problem of including
the red-shifted mixed polarity of the weak field "contained" in the region of the flux tubes of dominant
polarity. Either this spatial mixing effect or the fast decrease of the mixed polarity with- height will show a
reversing of the sign of the blue-red asymmetry when you go to the limb or when magnetograms made in a
photospheric line are compared to magnetograms taken just above in the low chromosphere (B 2 line of MgI).
At the photospheric level the area asymmetry is obviously a result of the very complicated pattern we have
among the flux tubes region: a strong unshifted field and red-shifted weak field of the mixed polarity, and
a variation with heights. Accordingly, the "blue/red" asymmetry of Stokes parameters is a good diagnostic
also for high spatial resolution observations.

S. Solanki: I'm afraid I do not understand the mechanism you propose to produce a sign reversal of the
area asymmetry. As I already pointed out to Larry November, it is not currently possible to say without a
proper calculation whether a particular model (including yours) will produce a sign reversal. I personally
believe in Ockham's razor, i.e. we keep a model as simple as possible as long as there is no very compelling
reason to make it more complex. I feel that the reality of small scale mixed polarities can only be firmly
established by IR observations.

J.C. Henoux: Is the 1000' K temperature difference you used in agreement with other observations?

S. Solanki: I don't know, but it is probably quite difficult to determine the true velocity in granules from
observations. We have also calculated a model with a difference of 500* K and have also obtained the sign
reversal, although we did not reproduce the data as well. But we need to do more calculations.
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Abstract: The formation heights of magnetically split lines in small solar magnetic flux tubes are investigated. In
particular, we are interested in how the heights of formation depend on different flux tube parameters, like magnetic
field strength, temperature and temperature gradient, as well as ou lHne parameters, such as Line strength, excitation
potential and ionisation stage. The results should help to improve the construction of empirical models of magnetic
features and improve our understanding of the spectral diagnostics used in the study of the solar magnetic field.

1. Introduction

Depth-dependent parameters of the solar photosphere, such as temperature, magnetic field and velocity are generally
studied by observing spectral lines. For the interpretation of observational data it is important to know at which
height a given wavelength in a spectral line is formed. Heights of formation (HOFs) of lines in the non-magnetic
atmosphere have been relatively well studied, through both their contribution and their response functions. The
situation for magnetically split lines is much less satisfactory. Although the problem has been addressed by a number
of investigations (e.g. Wittman 1973, 1974, Landi Degllnnocenti and Landi Degl'Innocenti 1977, Van Ballegooijen
1985, Grouamann-Doerth et al. 1988a, Rees et al. 1989, Murphy 1990 ) there does not, to our knowledge, exist any
systematic study of how the heights of formation of marnetically split lines depend on different atmospheric and
atomic parameters. In this paper we present such a study. In a sense the present investigation is complementary
to that of Bruls et al. (1990). Their calculations are in NLTE and cover 4 models ranging from a sunspot umbra
to an averap 1-component network model. We restrict ourselves to LTE and small-scale magnetic structures, but
consider in detail the effects of varying atmospheric and atomic parameters, besides listing the heights of formation of
"a number of lines in empirical flux tube models of magnetic elements. Since small-scale magnetic features may cover
"a wide range of properties (e.g. in temperature, c. Solanki and Stenflo 1984, Zayer et aL 1990), it is not sufficient,
although useful, to simply list the HOFs in one or two models of magnetic elements. A systematic study of the type
reported on here is necessary to obtain an idee zf the range of variation of the formation heights for diffent possible
models and lines and thus to help improve diagnostics of the internal structure of magnetic features.

Grosmann-Doerth at al. (1988a, hereafter refered to as paper 1) discussed the general problem of determining
the heights of formation of magnetically split lines. Combining the approaches of Van Ballegooijen (1985a) and
of Magain (1986) they derived the contribution function of the relative "line depression" Stokes vector, At = (1 -
f/Ic, -Q/1 -U/I., -V/IA), for ma-gntcally split lines. They also demonstrated that this is a more useful diagnostic
tool than the contribution function to the intensity. For example, the line depression contribution function is much
more sensitive to changes in the magnetic field and its dependence on B can be interpreted in a straight forward
manner. Therefore, in the present paper we exclusively discuss the line depression contribution functions calculated
using the FORTRAN code presented in paper I for the numerical solution of the Unno-Rachkovsky equations based
on Jones cakulus, as proposed by Van Baligoojen (1985a). The CFs are expressed per unit length and represented
in a nernalisssl form (L~e. divided by their peak value).
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2. Spectral Lines and Flux Tube Models

In the present study of the heights of formation (HOP) of magnetically split lines we have calculated contribution
functions (CFs) of a set of 20 Fe I and Fe II lines in 11 different flux tube models each. With few exceptions all
the calculations presented here have been made assuming LTE, plane parallel atmospheres and vertical incidence.
Except for some illustrative examples we only consider the central ray corresponding to the axis of symmetry of a
cylindrically symmetric flux tube, since for vertical incidence the largest fraction of the Stokes V signal arises from
the central part of the flux tube. The lines have been chosen to form a representative sample of the Fe I and Fe
II lines in the visible solar spectrum. Fe I and Fe 11 lines lie at the heart of most empirical models and of most
diagnostic techniques of small-scale magnetic features (e.g. Harvey and Livingston 1969, Stenfio 1973, Chapman
1977, Stellmacher and Wiehr 1979, Solanki and Stenfo 1984, 1985, Solanki 1986, Keller et aL 1990a, Zayer et al.
1989). The chosen lines are listed in Table 1. They can be divided into two groups, one consisting of 9 hypothetical
lines, the other of 11 real lines. Among the hypothetical lines there are 3 Fe I lines with low excitation potential, 3
with high excitation potential and 3 Fe U lines. Each of these subgroups is composed of % weak, a medium strong
and a relatively strong line. The group of real lines also consists of Fe I and Fe II lines with different line strength,
excitation potentials and Landi factors. Most of the real lines correspond to the ones chosen by Solanki (1986) and
Keller et al. (1990a) to construct empirical models of the atmosphere in magnetic elements.

The flux tube models used here have been chosen to test the &-pendence of the HOF on magnetic field strength,
temperature and temperature gradient. In addition, we have used two empirical flux tube models, one for network
and one for plage regions (Solanki 1986). From these we hope to obtain an idea of the typical formation heights of
the chosen lines in small scale solar nmagnetic features. Finally, as a reference, CFs have also been calculated for the

quiet sun model, the HSRA (Gingerich et al. 1971).

In addition to the CFs we have calculated an average HOF at each wavelength of interest of each line in the
different models. It is not obvious how to define such an average, in particular for the CFs of Stokes Q, U and

Table 1: List of Fe lines

Ion A(,&) X(eV) g.11ls g.,jem 1ogf

Fe I 5048.44 3.96 1.500 1.431 -1.02
Fe 1 5083.34 0.96 1.250 1.250 -3.10
Fe I 5127.68 0.91 1.500 1.497 -3.03
Fe 11 5197.57 3.23 0.700 0.671 -2.31

Fe 1 5247.08 0.09 2.000 1.992 -4.95
Fe 1 5250.22 0.12 3.000 2.999 -4.94
Fe I 5250.65 2.20 1.500 1.502 -2.12
Fe I 5293.96 4.14 1.000 0.976 -1.63

Fe 1 5383.38 4.31 1.083 1.123 0.32
FeA 5414.07 3.22 1.206 1.190 -3.23
Fe 1 5446.05 4.39 1.200 1.248 -0.06

Fe 1 5000.00 0.0 0.500 -6.50
Fe I 5000.00 0.0 0.500 -4.93
Fe I 5000.00 0.0 0.500 -3.0T
Fe I 5000.00 4.0 0.500 -2.85

Fe I 5000.00 4.0 0.500 -1.20
Fe I 5000.00 4.0 0.500 -0.10
Fe 11 5000.00 3.0 0.500 -4.65

FeA 5000.00 3.0 0.500 -3.30
FA I 5000.00 3.0 0.500 -2.00

The abundanc us.ed a 7.56 relatve to log(A(R))=12
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V, which can and generally do have different signs at different heights due to the fact that these Stokes parameters

measure intensity differences between two orthogonal modes of polarization. Since, at a given wavelength, the opacity

for the two modes is in general different they will be formed at different heights in the atmosphere. We have taken the

centre-of-gravity of the contribution function to represent the average height at which the line is formed, although we

also tabulate the centre-of-gravity of the absolute value of the contribution function. In the following the expressions

'height of formation" and HOF refer to the centre-of-gravity of the CF. However, we wish to stress that each line,

and even each individual wavelength of a line, is formed over a rather extended region in the atmosphere and such

average HOF values determined here only give a very rough indication of the layers over which the lines are formed.

3. General Properties of the Contribution Function

Magnetooptical effects influence the shapes of the CFs of Stokes Q and U, which may etxhibit strong oscillations as a

function of optical depth r in the flanks of sufficiently strong lines, where the imaginary part of the eigenvalue of the

absorption matrix becomes larger than its real part. For more details we refer to Rees et al. (1989), who discovered

and first =p.e"'.ed this phenomenon. Our calculations confirm the presence of these oscillations for our stronger

lines. Although the shapes of the CFs gets more complicated due to the oscillations, we find that the average height

of formation is, at the most, only slightly shifted.

In the following we concentrate on Stokes I and V, since most Stokes diagnostics so far applied to small-scale

magnetic features depend on only these two Stokes parameters We are more interested in basic effects than in the

detailed CUs at many wavelengths of each individual line. For this reason and in order to maintain clarity we have

decided to present and discuss the CFs only at line centre of Stokes I and at the wavelength of the Stokes V wing

maximum, A(V.,). Since often the CF(I) at A(Vm), as well as CF(Q) and CF(U) at the wavelength of Q..

and U,,, are rather similar to CF(V), it may in many cases be taken as an approximation for the other CFs in

the line flanks. Of course, there are situations when this approximation does not hold. For example CF(I) differs

considerably from the rest if only a part of the atmosphere along the line of sight is magnetic.

The HOF can depend considerably on the model atmosphere and the line parameters. At disk centre we find

for the Stokes I core average heights of formation in the range -4.4 < log r < -0.6. For the Stokes V peaks the

corresponding values are -3.0 and -0.6. The somewhat lower Stokes V HOFs basically reflect the fact that the

Stokes V CF refers to the line flank. Some of the factors determining the HOFs are discussed in the following

sections.

One of the questions we have addressed is what does the CF look like when the magnetic field fills only a part of

the atmosphere and a particular ray passes through both the magnetic and the non-magnetic parts. This situation

is pertinent to small-scale solar magnetic features (e.g., Rees and Semel 1980, Van Ballegooijen 1985a,b) and has

important consequences for observed Stokes profiles, e.g. the Stokes V asymmetry (Groumann-Doerth et al. 1988b,

1989, Solanki 1989). To address this question we have considered two simple cases. In the first case the atmosphere

is field free above log i = -1.5. At this height there is a sharp transition to a field of 1000G that stays constant tn

the bottom of the tabulated atmosphere. In the second case the field is 1000G above log r = -1.5, and 0 below that

level Fig. 1 illustrates the contribution fanctions resulting from the two cases. Interestingly, in the first case the

CFs of Q, U and V disappear whenever B = 0, but in the second case they can be non-sero in the non-magnetic

part of the atmosphere. Therefore, under certain circumstances, Stokes V, Q and U can obtain a contribution from

the non-magnetic part of the atmosphere.

The apparent inconsistency between the two cases can be explained by considering the way in which the CF is

calculated. We briefly illustrate this for the density matrix notation of the transfer equation (Van Ballegooijen 1985a).

For the Miller matrix formalism the arguments are analogous to those outlined here. They are also independent

of the numerical method of solution of the equation and in particular are also valid for the Feautrier and DELO

techniques (Rees et al. 1989). If C is the 2 x 2 complex contribution matrix (cL Van Ballegooijen 1985a or Paper I)

then

C = (T)-F(T*)-',

where F is the Source function matrix and T is the density matrix analogue to the matrix atten!-ation operator
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Fig. 1 The Stokes I contribution function (CF) at line center and the Stokes v CF at the wavelength of the V
peaks of a high excitation Fe I line plotted vs. the continuum optical depth log 7r for two test atmospheres. Cae I.
(dashed curve ): The upper part of the atmosphere, above logrd = -1.5, is field free, while below this height a
constant vertical field of strength I000G is presean. Note, that the CF in ero wherever there is no field. Case 2 (soiid
curve ): A constant fiekd of 1000G is now present above log ra& = -1.5, while the atmosphere below that height is
field free. The CP of Stokes V is now non-sern also in the field free pat of the atmosphere.

(e.g. Landi Degl'Innocenti and Landi Degl'Innocenti 1985). T is found by integrating a set of 4 complex ordinary
differential equations,

dT/dr = AT, with T( =O) = 1,

downwards from r- = 0. This implies that in the first case (i.e. B = 0 for "r < "-jt) in the field free part of the
atmosphere T(r < -rrit) is diagonal since A(r < r•.jt) is diagonal (both T and A are proportional to the unity matrix
there). F("r < rr.ý) is also proportional to the unity matrix, so that Cq = Cu' = Cv = 0 for i- < -r,,t in this case.
For the second caae (i.e. B = 0 for r > rsf) T(r > rj,,) is not diagonal, although A(r > ,'r•,) and F(,r > T-'jrt) are,
since A(r < 7r6t) also influences T(r > r•,f). Therefore, Cq, CU and Cv do not necessarily disappear in the part
of the atmosphere where there is no field.

This behaviour warns us to bear the exact meaning of contribution functions in mind whenever discussing them
or formation heights derived from them: The intensity CF tells us how much light of a given frequency is emitted
at a given depth r and escapes at the upper boundary of the atmosphere. This definition of the CF shows that the
CF depends only on the properties of the atmosphere above the depth in question. Similarly, the line depression CF
tells us how strongly the light intensity at a given wavelength is suppressed at a given depth and is not reenutted at
that wavelength until the upper boundary of the atmosphere is reached. Basically, the current tests imply that the
CF is sensitive to the atmosphere above the height of interest, but not below it.

4. Temperature Dependence

Like the Stokes profiles themselves their heights of formation depend in a complex manner on the temperature
stratification. This dependence is itself a function of ionization stage and excitation potential. In order to examine
t'-.e dependence on the absolute value of temperature we have used four models (HSRA, TEMPI, TEMP2 and
TEMP3). Each of the latter 3 models is about 400K hotter than the preceding one. Our computational results may
be summarised as follows: A low excitation Fe I line is greatly weakened when the temperature in increased, and
hence its 1OF is shifted downwards. The shift Is much larger for the line care than for the flanks. For a temperature
increase of 1200K the decrease in its HOF is approsiately 1.4 in units of log r for the line centre and 0.5 for the
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flanks. For the high excitation Fe I Line both the line weakening and the shift of the HOF due to the temperature
increase are much smaller. The HOF of the line core is shifted downwards by 0.8 in log r, while the HOF of the flanks

is almost unaffected. The Fe Ii line shows a completely different behaviour. The temperature hardly affects the line

strength at all and the HOF actually increases with temperature instead of decreasing. The amount of increase is

similar for both the line flank and core, 6logr = 0.5 for a temperature difference of 1200K.

To reliably determine the temperature in unresolved magnetic features we have to use Stokes V, Q, or U

profiles, since Stokes I is in general contaminated by light from the non-magnetic atmosphere. Due to the rough
proportionality of Stokes V, Q, and U to the magnetic flux, ratios between the V, Q, or U profiles of two or more Lines

that differ strongly in their temperature sensitivities must be considered (e.g. Stenflo 1975, Landi Degl'Innocenti and

Landolfi 1982), although diagnostics of the temperature that rely on the line profile shape do exist (e.g. Solanki et al.
1987, Lites at al. 1987). If the HOFs of the two lines have different temperature dependences, their relative heights

of origin in the atmosphere will change with temperature, complicating the interpretation of such line ratios. As
can be seen from the last paragraph, this is generally the case if the ratio is formed between two lines with strongly

different excitation potentials or belonging to different ions. Exactly such line ratios (often termed "thermal line
ratios") have been proposed and used to construct empirical models of magnetic elements (Landi Degl'Innocenti and

Landolfi 1982, Zayer at al. 1990). Note, that for weak Zeeman splitting the situation is worse at line centre than in

the flanks. Therefore, Stokes V line ratios and ratios involving only Q and U a components should be less affected.

Unfortunately, the line-centre line ratios (between the it-components of Stokes Q and or U profiles) show the best

promise of providing diagnostics of the temperature in the higher layers of flux tubes.

Note that the ar-components are simpler to interpret only if the Zeeman splitting is small compared to the

Doppler width, since otherwise the peaks of the u-components also correspond to the line core and are affected in a
similar manner as the core of the r component. However, this should not be a major problem for lines in the visible.

The most strongly split lines in the near infrared are all high excitation Fe I llnes (5eV S x. • 5.5eV), which are of

only limited use for the determination of the temperature in small magnetic features (Muglach and Solanki 1990).

The parameter which influences the HOFs the moat is the temperature gradient. Not only does the average HOF

change dramatically between models with different temperature gradients, but so does the width of the contribution

functions. The T(r) structure of the three models used to test the dependence on temperature gradient is shown

in Fig. 2. The models have been chosen such that the lines formed in all three of them have roughly similar

equivalent widths, although certain differences in equivalent width and profile shape are unavoidable. In particular,

the equivalent widths of the Fe I lines for the three models are considerably closer together than for the TEMPI,2

and 3 models. In this manner we ensure that differences between the HOFs resulting from different models are not
mainly due to changes in the equivalent widths of the lines. As pointed out earlier TEMPI has a gradient much
like that of the HSRA. TEMP4 has a very flat temperature profile above log -r t -1, with the temperature actually

increasing again outwards above log "r M -2.5. This model is roughly similar to the empirical flux tube models of

Stenflo (1975) and Chapman (1977, 1979). TEMPS in in many ways the opposite to TEMP4, since it has an almost

constant gradient throughout the photosphere, whereas dT/dr of TEMP4 changes dramatically around log r = 1.

Examples of profiles and their line core CFs resulting from these 3 models are shown in Fig. 3. The CFs of
the low excitation Fe I line are again more sensitive to changes in the temperature structure than the CFs of the

high excitation Fe I and the Fe U line. In a model like TEMP5, with a steeper temperature gradient in the line

forming layers than both the HSRA, the low excitation Fe I line are formed much higher in the atmosphere than the
high excitation Fe I line and the Fe H line, while in a model with a temperature minimum deep in the photosphere

(TEMP4) all the lines are formed at almost the same height. The temperature gradient does not change the difference

in HOF between the line flank and the core. This implies that the large variations of the line core CF. seen in Fig. 3

are mirrored by the CFs at, say, the Stokes V peaks or the Q or U a-component peaks. The strong influence of the

temperature gradient on the HOPs again has serious consequences for the interpretation of thermal line ratios. Now,

since the Stokes V peak CFs are affected in a similar manner as the line core CPs the Stokes V line ratios become
as complex to interpret as those of the Stokes Q and U r-components.

As a concrete example we have comidered the often used Stokes V line ratio between Fe I 5247.1A and 5250.5A
(Stenflo at al. 1987, Keller at aL 1990a, Zayer at &.L 1990). According to our calculations it should be easily
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interpretable, since the V maxima of these lines are formed at almost the same heights in all models. (However, the

cores of these two lines are often formed at rather different heights.)

5. Dependence on Magnetic Field Strength

In general for Zeeman splittings larger than the line width the HOFs depend strongly on field strenght. Starting

from an uzsplit Line, an increase in the splitting due to a longitudinal field causes the line centre to be formed deeper

and deeper in the atmosphere and the HOF of the line flanks, particularly at the wavelength where Stokes V has

its maximum, to increase. This increase continues until the line is fully split. Let us now consider the specific case

of the two Fe I lines 5250.2A (gr = 3) and 5247.1A (9. = 2). We have calculated the HOFs of these two lines in

a standard atmosphere, the HSRA, assuming constant magnetic fields of different strengths. The CFs for 3 cases

100G, 100OG and 3000G are illustrated in Fig. 4. As tan be seen from the figure the lines are formed at the same
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height for both weak and strong fields, when either both lines show no effect on their line profile shapes due to the

magnetic field, or both are completely split. However, there is an intermediate field strength range for which the cores

of the 2 lines are not formed at the same height. Fortunately, the difference in HOF is relatively small at A(Vt),

so that that the ratio between the Vm4 of these two lines is always sensitive to the field strength at a given height

and khe field strength gradient does not directly affect the line ratio. However, the gradient can have a substantial

indirect effect on the line ratio, via the temperature. Recall that both lines have low excitation potentials and are

thus extremely temperature sensitive. Fig. 3 shows the spread of the CFs of similar lines, due to variations of the

temperature stratification of the magnetic features. Thus, due to its strong dependence on height, the magnetic field

strength at the HOF can be quite different from model to model, although as a function of geometrical height it may

be relatively unaffected by the temperature (cf. Zayer et al. 1990, Gronmann-Doerth and Solanki 1990).

Note, that it is better to use the V,. values, instead of the ratio between the V profiles at some fixed wavelength

(as is the case for magnetograms, Stenflo 1973, Frasier and Stenflo, Wiehr 1978, and filtergrarms, Keller et al. 1990b),

since the differences in HOF between the two lines can be considerably larger at a fixed wavelength than if the HOFs

at the two A(V,.) are compared.

The behaviour described here is only true as long as B is alm•nrt parallel to the LOS. When observing the field
at an angle at which the r-component is equally strong as the a-components the decrease of the HOF at line centre
with increasing B is negligible. This is encouraging for the line ratio between the r-components of 5250.2A and
5247.1A (in particular of their Q and U profiles), which could provide a diagnostic of the magnetic field strength in

higher layers of the atmosphere.

6. Estimated Formation Heights in Solar Magnetic Elements

In Table 2 we present average values of HOFs of Stokes I and V for the 11 selected lines actually present in the

solar spectrum, calculated in the empirical network flux tube model of Solanki (1986). The corresponding model of

Keller et al. (1990) give relatively similar results. Therefore we consider the values listed in Table 2 to represent the

current best estimate of the formation heights of these typical iron lines in small-scale magnetic features.

7. Conclusions

We have calculated the Stokes contribution functions of a variety of magnetically split Fe I and II lines in a number
of atmospheres. Thereby we have been able to obtain a better understanding of some of the diagnostics of the

temperature and magnetic hield wiiia small-scale waLanatic features. W: find that among the atmospheric parameters

the temperature gradient plays the dominant role in determining the heights of formation of temperature sensitive

lines. The interpretation of many diagnostics cannot be assumed to be so straightforward as has been thought in the

past. In particular, diagnostics based on multiple lines can become rather complex to interpret, since the differences

between the heights of formation of the different lines changes with the assumed temperature structure. However,
other diagnostics turn out to be relatively unaffected, a primnt example being the magnetic line ratio between Fe I

5250.2A and Fe I 5247.1A of Steflo (1973).
We have also presented estizatae of the heights of formation in small-scale solar magnetic elements of 11 typical

Fe I and II lines. One of the conclusions which can be drawn from this tabulation is that the Stokes V maxima, of
all these lines are formed at not too different heights. This implies that current Stokes V based empirical models of

magnetic elements are only reliable over a rather limited range of the atmosphere (approximately -3 S log " 4- - 1).

To increase this height range upwards either the line profile shapes of Stokes V near the line cores will have to be

employed, or the vr-components of Stokes Q and U.
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Table 2: Hdeit of Fonnati of Fe Uies in an
empirical netwrk fluxube model

Ion A HOFI HO0 V HOFV"
(A) (log'r) (log -) (log -)

Fe I 5048.44 -1.7 -2.0 -1.9
Fe I 5083.34 -2.9 -2.9 -2.6
Fe I 5127.68 -3.0 -2.5 -2.4
Fe II 5197.57 -2.1 -2.0 -1.6
Fe I 5247.06 -2.0 -2.2 -2.2
Fe I 5250.22 -1.8 -2.2 -2.2
Fe I 5250.65 -2.5 -2.6 -2.4
Fe I 5293.96 -1.3 -1.3 -1.3
Fe I 5383.38 -2.9 -3.1 -2.0
Fe II 5414.07 -1.5 -1.6 -1.5
Fe I 5445.05 -2.4 -2.2 -1.8

HOF V is the c -ntud-F vitY of the contibuti
funcion. HOF V- is the caur-d-pagity
of the bsolute Talue of the cUtbntim fmutio
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FLUX TUBE DIAGNOSTICS BASED ON THE STOKES V
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'Lnstitut fiir Astronomie, ETH-Zentrum, 8092 Zdrich, Switzerland

Abstract: Stokes V profiles of the unblended Fe I lines in the wavelength range 1.5-1.8ps (H-band) observed ii1

the solar network are analysed. The data are consistent with an absence of stationary flows larger than 0,3 km

s' 1 . The infrared Stokes V profiles are asymmetric in the same sense as lines in the visible, but tend to be of

smaller magnitude, in particular the area asymmetry. The widths of the Stokes V profiles are consistent with kG

field strengths. Finally, model calculations allow an upper limit of 2 to be set on the continuum intensity of small

magnetic features relative to the quiet sun.

1. Introduction

A large part of the magnetic field in the solar photosphere is concentrated into small-scale magnetic elements or flux

tubes. Information on the deeper photospheric layers of such flux tubes is particularly important for the following

reasons:

1. Waves and oscillations, which partially heat the chromosphere and possibly the corona, are excited in these layers

and the radiation that heats the upper photosphere is channelled into the flux tubes .. t these depths.

2. The visible continuum intensity, formed in these layers, is important for the interpretation of observations. It

influences measurenicats of the magnetic flux and also determines the ionization balance and thus the departures

from LTE for many atomic species. In addition, it influences the variation of the global solar luminosity.

We present the results of an analysis of a spectrum each of Stokes 1, V and Q covering the wavelength range between

1.5 and 1.8 p (H-band) obtained simultaniously at solar disk centre (p = 0.99) in a network region with a Fourier

Transform Spectrometer (FTS). The analysis presented here concentrates on Stokes V, which originates only in the

spatially unresolved magnetic elements.

Observing in the infrared H-band has two advantages: 1. Due to the continuum opacity minimum and the

presence of very high excitation lines we see deeper layers of the photosphere than in the visible. 2. The Zeeman

sensitivity is approximately three times larger at 1.6 pa than at 0.5p.

The analysis is carried out in two main steps. Some properties of the lower photospheric layers of the magnetic

elements can be derived from a statistical multi-line analysis. To determine information on additional flux tube

parameters numerical radiative transfer calculations are required. These are carried out for a sample of 16 lines.

2. Line Parameters and Regression Analysis

In the first step various observed parameters of the Stokes V profiles of approximately 100 unblended Fe I lines are

determined. The main results are illustrated in Figs. 1-3.

Fig. 1 shows the difference in km s-1 between the zero-crossing wavelength of Stokes V, Av, and the wavelength

of the Stokes I minimum, Al, as a function of Stokes I line strength, S, (in Fraunhofer, F). Each symbol corresponds

to a spectral line, a weighted linear regression is also plotted. The blueshift of Stokes I due to solar granulation has

been compensated for according to the accurate empirical formula of Nadeau (1988). Since the average filling factor
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of the observed region is relatively small (approximately 10 %) this correction formula. which is -orictr %ahdtl ,•i'

for the quiet sun, may also be used here.
In contrast to previously published infrared observations (e.g. Harvey, 1977, Stenflo -ý at 19x7Y,. which ,hw

downflows of 0.5-2 km s-', Fig. I suggests that the deeper layers of flux tubes are free from .ltnirwar' fLw. >.r•r

than approximately 0.3 km s-1. in agreement with high spectral resolution results in the visihl ýi,, , - I)r'i..

If85; Solanki, 1986). The previous IR measurements were restricted to the Al.56-iSp line which "hIws a r,'d-hift

our data set as well, but is not typical for the other lines.
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Fig. 1 Av - A, vs. Sr. The solar granulation induced blueshift of Stokes I has been corrected according to the

formula given by Nadeau.

The Stokes V relative amplitude asymmetry, 6 a = (ab - a,)/(ab + a,), is plotted vs. S in Fig. 2a. Here a6
and a,. are the unsigned amplitudes of the blue and the red wings of the V profile, respectively. Fig. 2b shows the

relative area asymmetry, 6A = (Ah - A,)/(Ab + A.4), vs. St, where Ab and A, are the unsigned areas of the blue and
the red wings of the V profile, respectively. Lines with St < 0.5F have been omitted since they are strongly affected

by noise.

As in the visible the Stokes V profiles are asymmetric with stronger blue than red wings, i.e., 6.4 and 6a are
positive (recall that the data were obtained near solar disk center). The V asymmetry of H-band lines appears

to be is smaller than that of lines in the visible (Solanki and Stenflo, 1984; in particular 6A, which is smaller by
approximately a factor of two. Since 6A is caused by downflows in the surroundings of flux tubes (Grossmann-Doerth

et al,, 1988), this may be caused by a decrease in the granular downflow velocity with depth in the photosphere.

On the other hand, this effect may simply be due to the much larger Zeeman splitting of the infrared H--band lines,
which should lead to a reduction of bA according to Grossmann-Doerth et al. (198d) and Sinchez Almeida et al.
(1989). Model calculations are required to resolve this question.

To investigate the effect of the field strength on the Stokes V profiles we carry out multi-variate regressions of
various line parameters. As an illustration we summarize the results of such an analysis for the difference of the
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centre-of-gravity wavelengths of the red and the blue Stokes V wings, A,. - Ab. The regression equation takes into

account the influence of line strength, excitation potential, Zeeman splitting and wavelength on A, - Ab. W. find a

better fit to the data if we assume the lines to be completely split [i.e. A, - Ab - g9,ffA2] than if we us the weak field

approximation formula of Stenflo and Lindegren (1977) generally applied in the visible (i.e. A, -A6 - .,.,A 2 /(A,, - A6))

In Fig. 3 A, - Ab, with all regression terms except the one describing the Zeeman splitting subtrar:t.d from i. is
plotted vs. getyA 2 . The strong influence of the Zeeman splitting on the -'width" (i.e. A, - Ab) of the Stokes I profi!,V

is evident. Similar plots in the visible (Solanki and Stenflo, 1984) show a considerably less clear signature of the.

Zeeman splitting. The point in the upper right-hand corner is the magnetically very sensitive 9 = 3 line at A 1 5.+p

The magnetic field strength determined from the regression coefficient of the Zeeman term lies around 1300 kG if

the most weakly split lines are neglected, since for them the approximation of complete splitting is not a good one).

which compares well with the value of 1500 G obtained directly from the splitting of the 1 56 4'8p line (Stenflo et al..

1987; Zayer et al.. 1989).
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Fig. 3 A, - - - - Z- X4- 5 vs. Zeeman splitting geffA 2 . A, - A6 is the difference between the two Stokes

V centre-of-gravity wavelengths. zO, 2,zXa, zX and zx represent the regression terms taking the influence of S1, "('

and A on A, - Ab into account. Note that the term describing the Zeeman splitting has not been subtracted from

A,. - Ab.

3. Modelling

To determine the temperature and the turbulence velocity in the lower layers of magnetic elements we calculate
Stokes V profiles numerically in LTE along multiple vertical rays passing at various radii through flux tube models
that are based on the thin tube approximation. The spatially averaged synthetic profiles are then compared with

the observations. For the transfer calculations we have chosen 16 unblended Fe I lines. 14 of them, covering the



Flux Tube Diagnostics Based on the Stokes V Profiles 493

whole available line strength range, have small geff values between 0.5 and 1.5 and are used to dLagnos•, temperature.
The remaining two have g = 3 and gr = 2, respectively, and are used to determine the magnetic field strength,
Simultaneous field strength diagnostics are required to derive the temperature properly. To determine the oscillator
strengths of the 16 lines, synthetic Stokes I profiles are calculated using a model of quiet solar photospk,,cre and they
are fitted to the measured FTS profiles.

Fig. 4 shows temperature, T, vs. the logarithmic continuum optical depth at 1.6 p. log 7 j., of six model
atmospheres used for Stokes profile calculations. The solid line represents the empirical Network flux tube model of
Solanki (1986), NET. The other models are: double-dot-dashed curve: NETHI, long dashes7 NETH2. dot-dashes:
NETH3, short dashes: NETC1, dots: NETC2. All the employed models correspond to NET in their upper layers
Models with even lower temperatures have also been used, but are not shown since they were unable to reproduce
the measured Stokes V profile shapes correctly (the synthetic profiles of some of the lines were too broad).
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Fig. 4 Temperature T vs. continuum optical depth an 1.6 p, r1 ,6, of the models NETHI ( . -

NETH2 (--- ), NETH3(-.- .- ), NET (- ), NETC ( --- ), NETC2 ( . -)

Since we have no a priori knowledge of the filling factor of the observed region, we calculate the profiles along
rays out to a fixed radius in the 2-D flux tube model. This corresponds to calculating the line profiles for a fixed
magnetic filling factor at a given level in the atmosphere. Therefore, the synthetic Stokes V profiles must still be
multiplied by a fitting factor F to make them correspond in amplitude to the observed profiles. If the temperature
stratification of the model used to calculate the profiles is correct, then the factor F is the same for all lines. For a
too hot, or a too cold model F changes with line strength and excitation potential, X,- Since the Fe I lines in the
H-band all have very similar excitation potentials (5eV c X 6eV), a plot of F vs. S5 is a good diagnostic of the
temperature, as extensive test calculations have shown.

In Fig. 5 the F values for each of the chosen lines and the 6 models of Fig. 4 are plotted against S1 (triangles:
NETHI, crosses: NETH2, circles: NETH3, squares: NET, stars: NETC1, plusses: NETC2). Best fit straight lines
are also plotted. Both the points and and the regression lines are shifted vertically for clarity (only the gradient
of F vs. S, contains diagnostic information on the temperature). Unfortunately, the H-band lines turn out to be
rather insensitive to temperature in the range covered by the models NET and NETC2, so that it is not possible to
accurately derive the temperature in the deeper layers of flux tubes.
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Fig. 5 F vs. S1 resulting from a fit of the synthetic profiles calculated using (from top to bottom) NETHI, 2. 3.

NET, NETCl, 2 to the observed Stokes V profiles F is the "'fitting factor" (see text).

However, we can still set limits on the continuum contrast of the unresolved magnetic flux tubes at A = 0,5p:

M-" t ube qu•etO. We find that b,• <2 at the 2cr level and 6, < 1.75 at the 1.5c" level. A lower limit of b, > 0.8

can be set by virtue of the bad fits to the observed line shapes produced by profiles from models cooler and darker

than NETC2. Our upper limit suggests that the bright point observed by Koutchmy (1977) with 6, = 2 probably

does not represent a typical fluxtube, although it may be a particularly bright one.

The macroturbulence broadening of the Stokes V profiles is found to be approximately 2 km s- I and is therefore

of the same order as in the visible (we assume a microturbulenz of I km s-1).

Fig. 6 gives 4 representative examples of the 16 selected lines showing the quality of the fit for the model NET

which (besides reproducing observations in the visible) gives a slope of F vs, S1 which is zero within the error bars.

The solid curves are observed and symmetrized Stokes V profiles, dashed ones are synthetic profiles. Note the good

fit to the Stokes V profile of A1.5648A, including its width and splitting. A field strength of 1500-1600 G at the

tog r0 . = I level in the quiet sun is required to reproduce the profile shape of this and the other lines with 9,f ; I.

We confirm the field strength determined by Zayer et al. (1989) with a larger number of lines than used by those

authors. The fact that the shapes and the amplitudes of the V profiles of both weakly and strongly Zeeman split

lines can be reproduced simultaneously also suggests that for the observed region the amount of magnetic flux in
weak field form is small ( . 10 %).
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Fig. 6 Observed and symmetrized (solid) and synthetic (dashed) Stokes V profiles of four lines. The synthetic

profiles have been calculated using the NET model.
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THEMIS
Un telescope pour comprendre le magnetisme solaire

Jean RAYROLE
Observatoire de Parts

L 'InStitut National des Sciences de I'Llinvers (CNRS-INSU) construit actuellement un telescope sola ire d'un
type tout 6 fait nouveau appe/d "THEMIS" (T6lescope H6liographique pour ('etude du Magnotisme et des
lnstabilit~s de I atmosphdre Solaire).

Ce tWescope sera prochainement instal/6 aux iles Canaries a I 'Observatoire du Teide. / 'un des deux sites
ouverts par I'Espagne aux investissements 6trangers A /a suite d'une campagne de rech~erche du meilleur
site astronomnique d proximitd de 1'Europe. Les deux sites des 17es Canaries, lObserva faire du reide dans
/'1e de Tenerife et l'Observatoire du Roque de los Muchachos dans I 'Te de Ia Palma font partie de I Inst itut
dAstrophysique des Canaries (IAC). Ijs Y7es Canaries ant &d selectionn~es, parrri plus de 40 sites. graice
aux efforts conjoints de tous les pays europ~ens au cours des anndes 1970.

toujours la mbme structure caract~ristique du
POURQUOI THEMIS ? champ magn~tique et des mouvements de la

mati~re- L'absorvation des courants 6eoctriquos
Uint6t e l phsiqu soair rdide ansle ait sur les sites 6ruptits .st capital* pour compren-

que notre 6toile es, assez proche pour qu'on puisse druptIos.mcnsed ~lnhmn e
entreprendre touteS tes dludes d~taill~es qu'on ne
pourra faire sur aucune autre. L'influence de [*activitei solaire sur l'environnement

terrestre est relativement bien connue, au moins par
Le champ magrietique est Is param~tro tonda- los effets perturbateurs des eruptions solainres sur le

mental qul gouvemne tous los phdnombnes obser- champ g~ornagn~teque. La prbvision des 6ruptions est
v~s dans los atmosphbros steilaires. On devine donc importante pour les t~,lecommunications el pour
ais~ment qu'en presence d'un champ magnetique, los activites spatiales. notarmment lors des vols habi-
les propri~t~s du gaz solaire, compose§ pour une t~s. Elle passe par l'observation des pho~nomeines pr6-
large part de particules Oelctris~es, peuvent 6tre pro- cursours, en particutier les perturbations du champ
fond~ment modifi~es par los ph~nomenes dlectro- magri~tique dens les regions actives et des courants
magndtiques. Le champ incurve les trajectoires des 6lectriques associds qui annoncent la d~stabilisation
charges dlectriques, conduisant A des mouvements de (a configuration magn~tique. La mesure des cou-
diff~rents pour les ions et los dloctrons, c'est-&dire rants dlectriques est tr~s ditficile et pratiquoment
A des courants 6lectriques. Ceux-ci crdent A leur tour impossible avec les tWescopes actuellement en ser-
un champ magn6tiquo qui s'opposo au champ initial. vice (effets des polarisations instrumentales).

Les structures los plus connues observdes dans Un. des d~couvertes Wes plus intdiressantes des
l'etmosphere solaire sont les filaments (vus au bord dix domnliros annios est la miss on 6vldence des
sous la forine des protubdrances) et les centres concentrations du champ magn6tiquo dens dos
d'activitds avec oeurs taches et Fours facules. Les structures do tr"s petit"s dimensions (0.2 seconde
regions actives, associations do plusieurs centres d'arc soit 150 kin). Ces structures apparaissent aussi
actifs, sont des perturbations qul s'Otendent A tou- bien dens les regions: calmes; (maille de la supergrp-
tes los couches do t'atmosph~re solaire, prolongeant nulation) quo dens los regions actives (facules).
leurs effets dans le milieu interplan~taire ;usqu'A la L'obsorvation spoctroscopique A tris haute rdso.
Terre. Un centre actif prend naissance chaque fois lution spatials (n~cossitant des temps de pose supe-
qu'un tube de flux magn~tique 6merge A la surface rieurs au temps caractdristique d'Avolution des per-
du Soleil (photosph~re). Une region active soforine turbations atmosph~riques) est impossible avec des
par 6mergence successive do plusiours tubes do flux t~lescopes de conception classique, m~me s'ils sont
et r6organisation des lignes do forces par interaction placds dens le meilleur site possible. Beaucoup plus
avec les mouvemnents do la matibre. Au cowrs do sa quo do grossissement. c'est un probl~me do r~solu-
vie, une region active est souvent Ie siege do ph~no- tion, c'est-bdire do separation do points observebles.
m~nes violonts, los druptions chromosphdriques. Or, F'atmosphere terrestre, non seulornent agit comine
Elles ont lieu on des points particuliers pr~sontant un filtre, mais encore brouillo I'observation.
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Pour acc6der h la mosure do vectour champLES LIMITATIONS INSTRUMENTALES magn6tique (intensit6 at direction) a pluslours
ACTUELLES nhveaux dans I'atmosphire du Solell, iI est indis-

pensable d'observer simultan6ment un grand
La mesure du champ magndtique solaire se fait flombro do ralos so formant a des altitudes dif.

pa Ianalyse de la polarisation des rales spectrales fifrentes at A chaque niveau pour s6parer les
par efe emn ol a opsnolniu ffets du champ magnetique des variations toca.

dinale du champ (projection du vecteur sur la edspamitsthroymqu.
ligno de vis6o) est mesurable tacilewment avec les
Instruments actuels.

LE CONCEPT DE THEMIS
La mesure de la composante transversale se

heurte aux limites :THEMIS permettra de mesurer les trois compo-
- de la rdsolution spatiale des observations santes du champ magndtique ainsi que le champ de

spectroscopiques; vitesses associd avec une excellente resolution spa-
- de la polarlsation instrumentale parasite introduite tiale en utilisant simultandment jusqu'A vingt raies

par es irois ds intruentsbass su le spectrales choisies en fonction de leurs decompo-
cocpar lessmiroi des ntorumns soaires; srl sitions Zeeman et de leurs sensibilit~s aux variations

concpt lasiqu destous slaies;des param~tres thermodynamniques.
- des incertitudes sur l'influence des conditions ther-

modynamiques locales dans le profil des raies Le concept de tlinstrument est totalement origi-
observtes. nal

- Un telescope polnt6 diroctoment sur Is Solell
Si la dimension des structures observ~es, (fig. 1) pour 6viter los effets de la polar sation instrumen-

est pius petite que la rdsolution des observations. tale provoqude par los miroirs du concept tradi-
la Iumi~re rei~ue dans chaque 616ment r~solu de tionnol coelostatltour.
l'image est un melange de la Iumi~re dmise dans les - Le vido dana Is telescope pour 6viter les turbu-
regions magn~tiques et non magn~itiques. Chaque lences intornes.
raie spectrale est le melange des raies produites par - Le retroidlasoment dos pi~ces optiques (lames
l'atomne considdri§ dans les regions magn~tiques et de fermeture, miroir secondaire) pour supprimer
non magnetiques. Le protil observi§ de la raie sera los effets dus au chauffage par le faisceau
fonction de l'intensit6 et de la direction du champ lumineux.
magn4ýtique dans les structures magn~tiques. du - Un analyseur do la polarisation achromatique
nombre de ces structures dans l'41mern r~solu par dans un large domaine spectral plact6 au foyer du
i'observation, de la diffdrence des tempdratures et telescope avant quo la sym~trie de revolution des
des vitosses radiales entre les regions magndtiques faisceaux soit d~truite.
et non magn~tiques. - Una aptique adaptative (miroir actif) pour corrn-

ger en temps r"e los d~placements de l'image dus
A l'agitation atmosph~rique.

- Doux spectrographos on sdine (pr~disperseur et
6chelle) pour pouvoir observer simultan~ment un

TusES DE FLUX grand nombro de raies avec une haute resolution
spatiale et spoctrale.

FACUE DE- Una conception architecturale du btitrent triks
POLARIE SUDpoussie pour limiter los perturbations thermiques

.01:0et a~rodynamiques do l'environnoment imm~diat
0,0. du b~timent.

0, - Dos ricoptours modomoes (camiras CCD) et
FAUEO 00RSLTO une informatique tr~s puissante pour maitriser et

POAT N~OR 01 * *i 4 0DE OBSERVATIONS traitor l'important d~bit de donnees necessairos
A une acquisition A cadence dlev~e.

Wnuuk96%m udI~is r~oiii macd des mfafbqm absosefta~a pc.1m" - -
outrufwp~ bimnu A tramg S4n9 * Wesopi.lff*ifr. Wa,. Oftw -n ft bwn oift

do wodudw wWW* o*wap~ aMwfta= LE SCHtMA OPTIOUE
La bgqgtsi rinp dmi diftoe 4Mew, relft do flrage *0 w, miiw dolW

mo4n~isdaabwo ts~eaqS Le schima, optique se compose de trois perites
principales (fig. 2) at do plusiours instrumentations

FWg 1. , StruCtures fin" du chaff* magflt.Qu danS raStmasphhr dU interchaflgeables enl foflctiton du mode de fonction-
sow fement choisi.
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Au foyer (Fl) du telescope se trouve l'analyseur
SCHEA O~iQU DUTELSCOP THMISde polarisation. Comme pout le miroir secondaire,

des precautions doivent 6tre prises pour 6viter
___________I I'6Y lchauffemern des pi~ces optiques et du support

m~canique. Un diaphragme refroidi finite le ch~amp
WRO~a. AEAS ala valeur utile de I a;on que le faisceau lumineux

Q I ýne touche pas les barillets des lames cristallines qui
I elles-mdmes doivent 6tre pre-chauff~es avant intro-

- _____duction dans le faisceau

_______4 C 2) L'optique do transfert

a, z
_4T 4CRcwwrp C L'optique de transfert sert A transporter le fais-

Ac____ 02E ceau vers les spectrographes places verticafement
sous le telescope- Une amplification de 3 8 amene

-oe ou a:a distance focale eiquivalente A 57 metres avec un

Un~ ~ ~~~~l miroir cfiaerM utoactif un mSg
hi appled'nresrl mri ci 5

la aotr ziua

i= w :1champ et A la correction en temps reel de l'agita-
~Wi~''~txtion atmosph~rique.

-Une optique (Telescope Cassegrain M6, M7)
pour refocaliser [image sur ia fente des

Fig. 2..- Scrne~-a ootioe et siructure mecanique doe THEMIS spectrographes
- Un rotateur de champ pour compenser !a rotation

introduite par la monture azimutale et pour orien-
ter le balayage du champ dans une direction quel-

11) Le tedlescope Ritchey-Chretien sous vide conque par rapport a limage
- Un conrecteur de champ pour compensen le criro-

Le miroir primaire M1 a un diametre utile de matisme et Iaberration spherique r~siduelle de
90 cm et une distance focale de 3145 mm (F/3.5). I'analyseur de pilarisation.
Le miroir secondaire M2 porte la distance focale
6quivalente de la cornbinaison A 15 metres. L'ouver- Au foyer F2 (entree des spectrographes) plusieurs
ture F/i 7 des faisceaux a M6 choisie pour que intrumentations peuvent &tre mises en service
l'analyse de la polarisation de la lumi~re puisse se iutnm t
faire correctement dans un champ dle 4' de smla~et
diam~tre. -Un dispositif dle visee de la fente penrmettant de

conna~itre les structures observdes avec les spec-
Comme le telescope est sous vide, le tube doit 6tre tographes. Plusieuts combinaisons de filtres sont

ferm6 par deux lames de verre. Le bloc de verre (8K7 possibles pour s~lectionnef des images do la pho-
Schott) de Ia lame d'ontrde a ete sdilectionnd avec tosphi~re ou de la chromosph~re (tiltres de Lyot,
le plus grand soin. Les variations de l'indice de r~frac- interf~rentiels etc.).
tion ne d~passent pas une unitd de la sixi~me dCfici - Des optiques correctnices du chromatisme trans-
male. Cetto lame a un diam~tre de 1.10 metre et une vesld 'nyeudeparato
epaisseur de 65 mm. Pour dviter les images parasi- vrsldl'nysudepaistn
tes et los franges d'interf~rence produites par les - Les capteurs du dispositif de mesune du d~place-
rdflexions multiples sun les; doux faces la lame ist bi- ment de l'image (signaux pour le miroir actif)
concave (distance focale de 5500 mm).

Le miroir secondaire regi~ot une concentration 3) Los sp.ctrographes
important e du flux lumineux incident. En absence
d'un syst~me efficace de refroidissement, la tern- L'observation simultan~e d'un grand nombre de
p~rature de ce miroi dopasserait )a valour critique raies chaisies dans le plus grand domaine spectral
de 150 degres au delA de laquelle des r~actionti Qhi- possible impoae deux spectrographes en sdrie. Le
miques irr6versibles so produiraient danis le bloc de premier, appelW spectrographe pr~disperseur, per-
vorre (ZUrodur de Schott). met do s~lectionner plusiours domaines au moyen
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de masques places dans le plan de son spectre. La En mode additif classique, I'Optique de transfert
lumiibre qui passe dans; chaqj,.~ domaine ainsi s~lec- se compose de deux miroirs plans (M8, M9 fig 2).
tionn6 est erwoyee sur le deuxieme spectrographe Si I'on place dans le plan du spectre du pr~disper-
dchelle. Si les caract~risques des deux spectrogra- seur des masques constitues de plusieurs fentes lar-
phes sont correctement choisies, nous obtenons A ges, isolant des bandes spectrales couvrant les dif-
la sortie autant de spectres qu'il y a de domaines f~rentes raies choisies, on obtiendra a la sortie du
selectionn~s et ces spectres sont s~pards les uns spectrographe 6chelle simultani~ment les profils de

des atresplusieurs rales pour tous les points de l'image s~lec-
L'optique des spectrographes se compose de tionnds par Ia fente d'entr~e.

4 parties:'

- le spectrographe predisperseur avec 3 r~seaux Un cas particulier du mode soustractif est celui
interchangeables ;connu sous le nom de DPSM (Double Passage Sous-

- lespetrogaph 6chlletractif Multicanal). Le r~seau du spectrographe pre-
* lespetrogaph ~chl~edisperseur est choisi de tagon que les deux disper-

- les optiques de transfert entre les deux spectro- sions s'annulent compilbtement. Dans ce mode, ta
graphes : fente d'entree est remplacee par une fen~tre lais-

- les s~parateurs de faisceaux devant les cameras sant passer un champ bi..dimensionnel (au lieu d'une
CCD. ligne). Si lon place dans le spectre fourni par le pr6-

disperseur, A l'emplacement d'une raie spectrale,
Un tel disposifit donne une grande so;-plesse pour une sdrie de fentes fines 6quidistantes associ~es A

choisir la meilleure combinaison en fonction des une sdrie de prismes A r~flexion totale (pour ajuster
raies s~lectionndes pour I'observation. Les deux 1l6cartement des faisceaux ainsi sdlectionnds), on
spectrographes peuvent 6tre utilisds soit en mode obtient A la sortie du spectrographe echelle autant
additif (les dispersions s'aloutent) soit en mode sous- d'images monochromatiques de la portion du Soled
tractif (les dispersions se retranchent). observee (ddfinie par Ia fen~tre d'entr~e) qu'il y a

de fentes s~Iectrices au niveau du spectre du pre-
disperseur. Si 1l6cartement entre les faisceaux est
correctement ajustq§ les diff~rentes images Sorit

1-~ .sdparees A la sortie et la longueur d'onde vanie d'une
I imageA a autre en fonction de ]a dispersion du spec-

tre (pr~disperseur) et de la distance entre les fen-
r1L~ tes. La resolution spectrale de chaque image depend

de Ia largeur de chaque fente. Les deux spectrogra-
phes se comportent commd plusleurs filtres
monochromatiques, A bande passante dtroite, obser-
vant simultandment Ia mdme riegion sur le Soleil.

Suivant le mode de fonctionnement choisi, on:7 peut, soit observer simultandment les profits d'un
grand nombre de raies pour tous les points de
l'image s~Iectionnds par Ia tente d'entr~e (fine). soit
observer les profils d'une rale (ou de 2 rates) simul-
tanement pour tous les points de l'image selection-
nde par Ia fen~tre d'entrde.Wt

THEM IS sera 6quip6 de 20 cameras CCD (matrice
Thomson de 288 x 384 616ments photosensibles)
placees A Ia sortie du spectrographe dchelle. Un

.1 ensemble de bancs d'optique (fig. 3) permet de
r~partir les cameras et leurs optiques associ~es. soit
sur les diff~rentes raies s~Iectionn~es, soit sur les
images monochromatiques fournies par le DPSM.
La chaine d'acquisition permet de traiter 2 millions
d'octets par seconde, soit 8000 prof ils de raies tou-

ftg 32- fimplantation C23 cam4~rw OCO tes les 4 secondes.
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Pour DIRo> 6 1leffet principal est d6 awc varia-CORRECTION DE LA TURBULENCE tions de courbure de la surface d'onde. L'image se~ra
ATMOSPHERIQUE floue et peu agit~e,

L'6caufemet dusolparle Slei etle vnt ro- Pour OIRo< 6 l'effet principal est dOi aux varia-

duisent autour d'un telescope un environnement tur- toser d'netteaiso adieel.ufc 'od 'mg
bulent caract~risi§ par des masses d'air A des tern- seant miage.
p~ratures differentes, Ces bulles d'ali, plus ou momns Sur le site des iles Canaries, (a valeur moyenne
chaudes ou f roides. d~f ilent constamment devant la de Ro = 10 cm et 60 %/ du temps elle d~passe
ligne de vis~e du telescope, L'indice de refraction 15 cm avec un maximum de I'ordre de 45 cm 5 %
de lair dtant fonction de la tempdrature, un rayon du temps. Avec un telescope de 90 cm de diametre
lumineux sera ddivid A chaque transition entre des (THEMIS) en corrigeant uniquement les effets du
bulles d'air de templerature diff~rente. Les bulles premier ordre (inclinaison de la surface d'onde) on
d'air, plus chaudes ou plus froides, jouent 6galement obtiendra, dlans le cas des observations spectros-
le role de lentilles optiques convergentes ou diver- copiques (pose longue), une resolution effective de
gentes, introduisant une d~focalisation locale de 0- 2 (60 % dui temps) et un gain en resolution d'un
['image fournie par le telescope. Ces diff~rentes. per- facteur 3 pour les valeurs de DIRo comprises entre
turbations ne sont pas coh~rentes sur tout le champ 6 et 9.
et feurs effets dependent de (a frdquence. On peut Les d~placements de ['image dependent de la fre-
d~finir la turbulence atmosph~rique au moyen des quence. A 100 Hz Rl reste encore 1 %/ de I'amplitude
trois parametres suivants .des d~placements A basse frequence (1 Hz) et envi-
- Le param~tre do Fried "Ro". C'est le diam~tre ron 10 %/ A 12 Hz. Pour corriger une agitation de

du telescope qui, dlans le vide, donnerait la mime l'image de plus ou momns 1 seconde d'arc A 1 Hz et
iresolution que l'atmosphibre. restituer une resolution effective de 0" 16 (reso~utori

th~iorique du telescope A 6000 A) ii faut agir sur
- Le domains d'Isoplanditill "i" C'est le champ [orientation du miroir actif (2 axes) 800 fois par

angulaire pour lequel les perturbations sont cohe- seconde, soit toutes les 1 .25 milli-secondes.
rentes entre elles.

Seuls les d~veloppements technologiques dans
- Le temps caracteristique "t". C'est Ia dur4§e le domaine des mat4§riaux composites (miroir Iýger

moyenne d'6volution des perturbations en chaque tr~s rigide) et dans celui de la micro-informatique
point de limage. (processeur tr~s rapide) ont Dermis de r~soucdre ce

probli~me tres difficile.
Pour un site de plaine, la valeur moyenne de Ro

est dle 5 cm, le domaine d'isoplanditd de 4 secon- L'orientation du miroir actif, supporte par une
des d'arc et le temps caractdristique de 10 milli- structure mdcanique deformable (axe 61astique).
secondes. Le brouillage de Vimage produit par cette change 800 fois par seconde sous l'action dle 2
atmosphebre peut &Ire compar6 A celui de I'image quartz pidzo-dlectriques agissant dans deux direc-
de "Canal + " reque sans d~codeur. Les grandes tions perpendiculaires. Les signaux envoy~s aux
lignes de ['image sont visibles; mais ii est impossi- deux quartz proviennent d'un calculateur tr~s raoide
ble dle voir tous les details. qui analyse, 4galement 800 tois par seconde, les

variations de la position de l'image fournie par le
L'aspect dle l'image fournie par un t6lescope telescope Une camera CCD enregistre en perma-

depend non seulement des param~tres atmosph6- nence une image de la granulation solaire obtenue
riques (RoJi,t) mais aussi du diam~tre "D" du Wies- en pr~levant 10 %/ du flux sur le faisceau lumineux,
cope. Bien que la rdsolution th~forique d'un t~Ies- Si, A un instant donne, on minmorise une image de
cope augmente avec son diam~tre, la rdsolution du cette granulation et que I'on compare les images sui-
couple atmosphere + telescope passe par un maxi- vantes A cette image m~moris~e. on obtient les
mum pour DIRo = 3 pour des poses tongues par rap- d~placements relatifs et l'on peut ramener toutes
portA ) a valeur du temps caract~ristique "t" d'6vo- les images successives en coifncidence avec ['image
lution des perturbations. midmorisdee On a a insi stabilisd )image sur )a tente

des spectrographes.



THEMIS 501

Note from the editor: The paper on the French project "Themis" by J. Rayrole, P. Mein, and M. I oournaire
of Paris Observatory and of INSU-CNRS was presented by M. Semel. Unfortunately, we did tlot r,,-Ž iv :
manuscript in time so we asked the permission of Soczete Astronomique de France to reprint a v.tr4iui .,f
that paper published in French in L 'Astronomte.

Speaker: Semel

Discussion

E. West: I have a question on your polarimeter. You have a 2 MgF2 and 2 KDPs. flow are they alignd?
Are the MgF2 plates one wave plate and the KDPs the second?

M. Semel: The MgF2 plates are crossed and the 2 KDPs are aligned as well. The width of o'lch pIS ,s
calculated to yield a super achromatic 1/4 wave plate when all the four plates are combined.

J. Harvey: The immersion oil used to reduce surface reflections from the KDP and .tgF2 plates will not
match all the indices of refraction. Will the residual multiple reflections cause any difficulties?

M. Semel: We expect very small effects.

J. Stenflo: Do I understand it correctly that you do not measure all four Stokes parameters 1. Q, U, and
V simultaneously with THEMIS? If this is so,then variable seeing will seriously affect the construction of
Stokes vectors. As the objective of using a "polarization-free" telescope is to obtain accurate Stokes voctors.
how do you plan to deal with this fundamental problem?

M. Semel: It is a misunderstanding. Themis may use any mode of Stokes polarimetry Ilowever th,[f best
spatial resolution will be obtained in the two particular modes of observations I have mentioned.
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NSO/SP SUMMER WORKSHOP SERIES

Large-Scale Motions of the Sun: Summer Workshop, Sunspot, N.M., 1-2 September, 1977. S.A.
Musman, chairman. *(NSO/SP Summer Workshop no. 1) 45 participants
Summary: This first (unpublished) meeting of the NSO/SP Summer Series focused on solar oscil-
lations, both in theory and observation, and on the application of oscillation data to the determi-
nation of differential interior rotation. A proposed model of solar rotation was also presented. The
application of solar p-modes as a tracer of large-scale horizontal motions was discussed, together
with studies of the dynamics of gas and magnetic fields in the outer solar layers.

Small-Scale Magnetic Fields in the Solar Atmosphere: Summer Workshop, Sunspot, N.M., 16-20
July, 1979. L.E. Cram, chairman. *(NSOISP Summer Workshop no. 2) 50 participants
Summary: Observed properties and theoretical consequences of the structure and intensity of
solar magnetic fields were major areas of focus. Observations show that almost all the solar mag-
netic flux is concentrated in 1-2 kG bundles which occupy only a small fraction of the observed
area. Processes responsible for this concentration, as well as the implication to solar cycle
dynamo theories, were examined. There was demonstrated a strong need to study in detail the
physical processes occurring in single small flux tubes. Such studies require sensitive velocity
and magnetic field measurements over relatively long periods, with excellent spatial resolution.

Solar Instrumentation: What's Next? Conference Proceedings, Sunspot, N.M., 14-17 October,
1980. R.B. Dunn, ed. 618 p. (NSO/SP Summer Workshop no. 3) 56 participants
Summary: This workshop, the first to be published in the NSO/SP Summer Series, explored the
observational needs of solar and solar-stellar astronomers, and the required instrumentation to
fulfill those needs. Sessions were dedicated to LEST, in its initial planning stages, and to image
stabilization techniques. The use of interferometry for solar observations, as well as the impor-
tance of the solar-stellar connection to further the understanding of the Sun, were also discussed.

The Physics of Sunspots: Conference Proceedings, Sunspot, N.M., 14-17 July, 1981. LE. Cram
and f.H. Thomas, eds. 495 p, (NSO/SP Summer Workshop no. 4) 57 participants

Summary: The workshop began with the discussion of relevant observations on the birth, evolu-
tion and emergence of sunspots, as well as with the analysis of magnetic features and vector mag-
netic fields of active regions; and continued with empirical and theoretical models of sunspots. A
study of starspots was presented, as were studies of solar dynamical phenomena, such as umbral
flares, Evershed flow, oscillations, and the influence of sunspots on the output of solar radiation.

Small-Scale Dynamical Processes in Quiet Stellar Atmospheres: Conference Proceedings, Sun-
spot, N.M., 25-29 July, 1983. S.L. Keil, ed. 469 p. (NSO/SP Summer Workshop no. 5) 66 parti-
cipants
Summary: The study of small-scale dynamical processes in the solar atmosphere was the major
focus, including the implication of this work to the interpretation of unresolved observations of
stellar atmospheres in general. Sessions were dedicated to high-resolution observations of small-
scale solar phenomena, and their interpretation; to the modelling of small-scale processes, such as
granulation; to the interaction of convection and magnetic fields; and to low-resolution observa-
tions, bearing on small-scale dynamical processes such as line asymmetries and wavelength
shifts.

* NSO/SP Summer Workshops nos. 1 and 2 are unpublished
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Chromospheric Diagnostics and Modelling: Workshop Proceedings, Sunspot, N.M., 13-16
August, 1984. B.W. Lites, ed. 314 p. (NSO/SP Summer Workshop no. 6) 69 participants
Summary: The OSO-8 observations had revealed that chromospheres (and coronae) are the rule,
rather than the exception, for most classes of stars. The aim of the meeting was to enhance the
understanding of chromospheres. Sessions dedicated to the observations of chromospheric struc-
tures and magnetic fields were followed by talks on the calculation of chromospheric models and
heating processes. Working groups were organized on Line Synthesis and Atmospheric Model-
ling; Magnetic Fields; Space and Ground-Based Collaborative Observations, and on Chromos-
pheric Heating and Energy Balance.

The Lower Atmosphere of Solar Flares: Relationships Between Low Temperature Plasmas and
High Energy Emissions. Proceedings of the National Solar Observatoryl Solar Maximum Mission
Symposium, Sunspot, N.M., 20-24 August, 1985. Don Neidig, ed. 503 p. (NSO/SP Summer
Workshop no. 7) 58 participants
Summary: The meeting analyzed flare phenomena in the chromosphere (impulsive phase, shocks
and condensations, observations of flares in helium lines) and included white light flares, which
had, until recently, been often considered a separate flare class. High energy emissions in solar,
and stellar, flares were also reviewed. The meeting ended with sessions on the origin of flare
energy, its transport, and on the evidence for and against electron beams as the agent generating
hard X-ray bursts in Solar Flares.

The Internal Solar Angular Velocity: Theory, Observations and Relationship to Solar Magnetic
Fields. Symposium Proceedings, Sunspot, N.M., 11-14 August, 1986. B.R. Durney and S. Saba-
tino, eds. 374 p. (NSO/SP Summer Workshop no. 8) 60 participants
Summary: The meeting aimed at the study of the internal solar angular velocity, both in the radia-
tive zone (where the angular momentum loss due to the solar wind and magnetic fields must play
an essential role) and in the convection zone, where the interaction of rotation with convection
generates differential rotation-- an essential link in the generation of solar magnetic fields. Ses-
sions were also dedicated to observations, at the surface, as well as of normal modes of oscilla-
tions of the sun, which eventually will provide accurate information of the internal solar angular
velocity.

Solar and Stellar Coronal Structure and Dynamics: a Festschrift in Honor of Dr. John W. Evans,
Sunspot, N.M., 17-21 August, 1987. R.C. Altrock, ed.
577 p. (NSO/SP Summer Workshop no. 9) 60 participants

Summary: The festschrift was dedicated to honoring the leadership and accomplishments of John
W. Evans, first director of Sacramento Peak Observatory. The primary focus was on physical
processes that result in observable phenomena in coronae of the sun and stars. The meeting began
with talks on stellar coronae, and continued with the solar corona, including processes such as
coronal holes and loops, and theories concerning the mechanism for coronal heating. Sections
were dedicated to the solar-cycle variations of the corona, to the observations of magnetic fields
and their numerical modelling, and to solar mass ejections, transients and flares.

High Spatial Resolution Solar Observations: Proceedings of the Tenth Sacramento Peak Summer
Workshop, Sunspot, New Mexico, 22-26 August, 1988. 0. von der Liihe ed. 573 p. (NSO/SP
Summer Workshop no. 10) 56 participants
Summary: This workshop studied a number of modem concepts to advance high angular resolu-
tion observation of 0-e Sun. It was the intent of the workshop to bring together those who develop
high resolution instnumentation with those who intend to use them in their experiments. The
topics ranged from planned and newly commissioned solar telescopes, active and adaptive optics,
interferometry, and data analysis methods, to observational results of spectroscopy with high spa-
tial resolution, polarimetry, velocity field measurements, and coronal observations.


